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ABSTRACT 

An e x p e r i m e n t a l  a n d  a n a l y t i c a l  s t u d y  was c o n d u c t e d  t o  d e l i n e a t e  t h e  

c o m p r e s s i o n  f a i l u r e  mechanisms of c o m p o s i t e  s t r u c t u r e s .  R e s u l t s  o n  

u n i d i r e c t i o n a l  and q u a s i - i s o t r o p i c  graphi te /epoxy l a m i n a t e s  were p u b l i s h e d  

p r e v i o u s l y .  The  p r e s e n t  r e p o r t  summar izes  f u r t h e r  r e s u l t s  on k i n k  band 

format ion  i n  u n i d i r e c t i o n a l  composites.  

I n  o r d e r  t o  assess t h e  c o m p r e s s i v e  s t r e n g t h s  a n d  f a i l u r e  modes o f  

f i b e r s  themselves ,  a f i b e r  bundle  w a s  embedded i n  epoxy c a s t i n g  and t e s t e d  

i n  compression. A t o t a l  of  s i x  d i f f e r e n t  f i b e r s  were used t o g e t h e r  w i t h  two 

r e s i n s  of  d i f f e r e n t  s t i f f n e s s e s .  The f a i l u r e  of  h i g h l y  a n i s o t r o p i c  f i b e r s  

such as K e v l a r  49 and P-75 g r a p h i t e  was due t o  k inking  of  f i b r i l s .  However, 

t h e  remaining fibers--T300 and T700 g r a p h i t e ,  E-glass,  and alumina--fai led 

by l o c a l i z e d  microbuckling. Compressive s t r e n g t h s  of t h e  l a t t e r  group of 

f i b e r s  were n o t  f u l l y  u t i l i z e d  i n  t h e i r  r e s p e c t i v e  composites. I n  a d d i t i o n ,  

a c o u s t i c  e m i s s i o n  m o n i t o r i n g  r e v e a l e d  t h a t  f iber -mat r ix  debonding d i d  n o t  

occur  g r a d u a l l y  b u t  suddenly a t  f i n a l  f a i l u r e .  

The k i n k  band format ion  i n  u n i d i r e c t i o n a l  composi tes  under compression 

w a s  s t u d i e d  a n a l y t i c a l l y  and through microscopy. The material combinat ions 

s e l e c t e d  i n c l u d e  s e v e n  graphi te /epoxy composites,  t w o  g r a p h i t e / t h e r m o p l a s t i c  

r e s i n  c o m p o s i t e s ,  o n e  K e v l a r  49/epoxy c o m p o s i t e  and  o n e  S - g l a s s / e p o x y  

composite. The dominant mode of f a i l u r e  i n  a l l  composi tes  w a s  t h e  k i n k  band 

i n i t i a t i o n  a n d  p r o p a g a t i o n .  Thus,  n o t  o n l y  m i c r o b u c k l i n g  b u t  a l s o  

c o m p r e s s i v e  f a i l u r e  of f i b e r s  c o u l d  t r i g g e r  k i n k  band f o r m a t i o n .  An 

a n a l y t i c a l  model was developed  under t h e  assumption of p l a s t i c  y i e l d i n g  i n  

t h e  mat r ix ,  and it was used s u c c e s s f u l l y  t o  c a l c u l a t e  parameters  d e f i n i n g  

i v  



t h e  k i n k  band geometry.  

confirmed by t e s t i n g  precompressed specimens i n  short-beam s h e a r .  

The  s u d d e n  n a t u r e  o f  f i b e r - m a t r i x  d e b o n d i n g  w a s  
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1. INTRODUCTION 

The t e n s i l e  behav io r  of u n i d i r e c t i o n a l  composi tes  is m o s t l y  dominated 

by f i b e r s .  I n  c o m p r e s s i o n ,  however ,  t h e  m a t r i x  and  i n t e r f a c e  p l a y  a k e y  

r o l e  of p r o v i d i n g  l a te ra l  s u p p o r t  t o  t h e  f i b e r s .  The re fo re ,  t h e  compress ive  

behav io r  depends ve ry  much on t h e  p r o p e r t i e s  of t h e  m a t r i x  and t h e  i n t e r f a c e .  

R e c e n t  s t u d i e s  [ 1 , 2 ]  h a v e  shown t h a t  t h e  u n d e s i r a b l e  weakness  o f  

c o m p o s i t e  s t r u c t u r e s  t o  i m p a c t  and  d e l a m i n a t i o n  c a n  be  r e d u c e d  by u s i n g  

tougher r e s i n s .  However, h i g h e r  toughness i n  a r e s i n  is f r e q u e n t l y  coupled  

w i t h  l o w e r  modu lus ,  and  lower m o d u l u s  may l e a d  t o  a l o w e r  c o m p r e s s i v e  

s t r e n g t h  f o r  t h e  composite, 

The above  argument unde r sco res  t h e  importance of a good unders tanding  

of  compress ive  behav io r  of composites. Many modes of  compress ive  f a i l u r e  

have  been proposed o v e r  t h e  years. They i n c l u d e  e las t ic  b u c k l i n g  of f i b e r s  

[3- lo] ,  f i b e r  k i n k i n g  [lo-161, s h e a r  t h r o u g h  b o t h  f i b e r s  and  m a t r i x  [ 1 7 ] ,  

c o m p r e s s i v e  f a i l u r e  o r  y i e l d i n g  o f  f i b e r s  [ 18,191,  i n t e r f a c i a l  f a i l u r e  

f o l l o w e d  by l o n g i t u d i n a l  s p l i t t i n g  [7 ,11 ,19 ,20 ] ,  and  l o c a l  y i e l d i n g  o r  

t r a n s v e r s e  compress ive  f a i l u r e  of t h e  ma t r ix  [19]. Sometiines, t h e  compressive 

f a i l u r e  i s  i n i t i a t e d  by o n e  mode and e n d s  i n  a n o t h e r .  F o r  e x a m p l e ,  

i n t e r f a c i a l  f a i l u r e  c a n  b e  f o l l o w e d  by f i b e r  m i c r o b u c k l i n g ;  o r  f i b e r  

m i c r o b u c k l i n g  may b e  f o l l o w e d  by p l a s t i c  d e f o r m a t i o n  i n  t h e  m a t r i x  t h a t  

a l l o w s  f i b e r s  t o  r o t a t e  a n d  a k i n k  band t o  form, T h i s  makes t h e  i d e n t i -  

f i c a t i o n  of t h e  c r i t i c a l m o d e o f  f a i l u r e  by p o s t - f a i l u r e e x a m i n a t i o n s  d i f f i c u l t .  

I t  i s  t h e r e f o r e  i m p o r t a n t  t o  s l o w  down t h e  f a i l u r e  p r o c e s s  i n  o r d e r  t o  

i d e n t i f y  t h e  sequence of f a i l u r e  even t s .  

S i n c e  t h e  c o m p r e s s i v e  l o a d  i s  p r i m a r i l y  c a r r i e d  by t h e  f i b e r s  a s  i n  

t e n s i o n ,  t h e  f i n a l  f a i l u r e  of  composites occur s  when t h e  f i b e r s  f a i l .  Other 

1 



e v e n t s  s u c h  a s  f i b e r - m a t r i x  debond ing  a n d  m a t r i x  y i e l d i n g  d o  n o t  by 

t h e m s e l v e s  c a u s e  t h e  f i n a l  f a i l u r e ;  but  t h e y  may faci l i ta te  f i b e r  b u c k l i n g  

by reducing  t h e  s i d e  s u p p o r t  f o r  t h e  f i b e r s ,  F a i l u r e  of t h e  f i b e r s  c a n  o n l y  

b e  o n e  of t h e  f o l l o w i n g  two t y p e s :  i n t r i n s i c  a n d  m i c r o b u c k l i n g - i n d u c e d .  

The  i n t r i n s i c  c o m p r e s s i v e  f a i l u r e  i s  t h e  r e s u l t  of t h e  f i b e r  stress 

exceedi.ng t h e  f i b e r  s t r e n g t h ,  and t h e  microbuckling-induced f a i l u r e  is i n  

fact a bending f a i l u r e  as a consequence of buckl ing.  

The  i n t r i n s i c  c o m p r e s s i v e  f a i l u r e  o f  f i b e r s  u s u a l l y  o c c u r s  i n  

c o m p o s i t e s  made w i t h  h i g h l y  a n i s o t r o p i c  o r  d u c t i l e  f i b e r s .  A n i s o t r o p i c  

f i b e r s  l i k e  K e v l a r  a n d  h i g h - m o d u l u s  g r a p h i t e  f a i l  by  k i n k i n g  of  

m i c r o f i b r i l s ,  and d u c t i . l e  f i b e r s  by y ie ld ing .  I n  most composites,  however, 

t h e  composite f a i l u r e  i s  t h e  r e s u l t  of t h e  microbuckling-induced f a i l u r e  of 

f i b e r s .  F i b e r  m i c r o b u c k l i n g  i s  enhanced  by f a i l u r e  o r  y i e l d i n g  of t h e  

m a t r i x ,  f i b e r - m a t r i x  debond ing ,  o r  t h e  p r e s e n c e  o f  v o i d s .  The  term 

" m i c r o b u c k l i n g "  re fe rs  n o t  o n l y  t o  l o c a l  b u c k l i n g  o f  i n i t i a l l y  s t r a i g h t  

f i b e r s ,  b u t  a l s o ,  t o  i n c r e a s e s  i n  l oca l  c u r v a t u r e  of  i n i t i a l l y  misa l igned  

f i b e r s  . 

* 

The main p u r p o s e  o f  o u r  r e s e a r c h  w a s  t o  d e l i n e a t e  t h e  c o m p r e s s i v e  

f a i l u r e  mechanisms i n  c o m p o s i t e  s t r u c t u r e s .  R e s u l t s  on c o m p r e s s i v e  

s t r e n g t h s  a n d  f a i l u r e  modes  of  u n i d i r e c t i o n a l  a n d  q u a s i - i s o t r o p i c  

g r a p h i t e / e p o x y  l a m i n a t e s  h a v e  b e e n  p u b l i s h e d  i n  [ 10,211. I n  t h e  p r e s e n t  

r e p o r t  w e  d i s c u s s  r e s u l t s  of a more m i c r o s c o p i c  s t u d y  o n  t h e  f a i l u r e  

mechanisms i n  u n i d i r e c t i o n a l  composites,  which are t h e  primary load-bearing 

members i n  m u l t i d i r e c t i o n a l  laminates .  

To assess t h e  i n t r i n s i c  compressive s t r e n g t h s  of f i b e r s ,  a f i b e r  bundle  

w a s  embedded i n  epoxy c a s t i n g  and  examined  u n d e r  compress ion .  B u n d l e  
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specimens o f f e r  a n  a d d i t i o n a l  advan tage  of  c o n t a i n i n g  f a i l u r e  and a l l o w  t h e  

f a i l u r e  t o  be monitored through t h e  u s e  of t r a n s p a r e n t  r e s i n s .  

A bund le  of f i b e r s  r a t h e r  t h a n  a s i n g l e  f i b e r  was used t o  simulate t h e  

f ibe r - to - f ibe r  i n t e r a c t i o n  p r e s e n t  i n  real composites. The f i b e r s  used are 

E - g l a s s ,  T300 g r a p h i t e ,  T700 g r a p h i t e ,  P75 g r a p h i t e ,  K e v l a r  49 ,  and  FP 

a l u m i n a .  Epon 815/V140 a n d  

Epon 828/Z. The former r e s i n  i s  softer t h a n  t h e  latter. The use  of  r e s i n s  

w i t h d i f f e r e n t s t i f f n e s s e s i s  n e c e s s a r y  t o  d e t e c t  t h e  f a i l u r e  i n d u c e d  by 

microbuckling. 

T h e s e  f i b e r s  were combined  w i t h  two r e s i n s :  

I n  t h e  s e c o n d  p a r t ,  c o m p r e s s i v e  f a i l u r e  modes o f  u n i d i r e c t i o n a l  

composites were s t u d i e d  us ing  o p t i c a l  and scanning  e l e c t r o n  microscopy. The 

e l e v e n  mater ia l  s y s t e m s  c h o s e n  i n c l u d e  s e v e n  g r a p h i t e / e p o x y  c o m p o s i t e s  

(T300/5208,  T300/BP907, T300/4901/MDA, T300/4901/mPDA,  T 7 0 0 / B P 9 0 7 ,  

T700/4901 /MDA, T700/4901 /mPDA) , two g r a p h i t e /  thermop 1 as t i c  r e s i n  composites 

(TSOO/PPS, T300/PEEK), one g l a s s / epoxy  composite (S2-glass/DER 332-Henthane 

Diamine) ,  a n d  o n e  K e v l a r / e p o x y  c o m p o s i t e  (Kev l a r  49/DER 332-Menthane 

Diamine). The d i f f e r e n t  material combinations a l l o w  one t o  i n v e s t i g a t e  t h e  

e f f e c t  of c o n s t i t u e n t  materials on compress ive  f a i l u r e .  

The p o s s i b i l i t y  o f  f i be r -ma t r ix  debonding be fo re  f i n a l  fa i lure  w a s  a l s o  

exp lo red  by moni tor ing  a c o u s t i c  emis s ions  i n  embedded bund le  specimens. A s  

f o r  u n i d i r e c t i o n a l  composites,  a short-beam s h e a r  test f o l l o w i n g  compression 

c l o s e  t o  f a i l u r e  w a s  u s e d  t o  f i n d  o u t  w h e t h e r  o r  n o t  c o m p r e s s i v e  f a i l u r e  

c o u l d  be t r i g g e r e d  by i n t e r f a c i a l  debonding. 
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2. COMPRESSIVE FAILURE OF FIBER BUNDLES EMBEDDED I N  EPOXY CASTING 

2.1 Background 

' M o n i t o r i n g  of t h e  c o m p r e s s i v e  f a i l u r e  p r o c e s s  i n  c o m p o s i t e s  i s  

d i f f i c u l t  because f a i l u r e  is q u i t e  sudden wi thou t  much warning. The dynamic 

n a t u r e  of t h e  f i n a l  f a i l u r e  makes it d i f f i c u l t  t o  i d e n t i f y  t h e  microscopic  

f a i l u r e  sequence .  F u r t h e r m o r e ,  f a i l u r e  t e n d s  t o  b e  i n i t i a t e d  a t  stress 

concen t r a t ion  areas such as t a b  ends. Therefore ,  i t  is necessary  t o  d e v e l o p  

a means of c o n t a i n i n g  f a i l u r e  w i t h o u t  i n a d v e r t e n t  i n t r o d u c t i o n  of stress 

c o n c e n t r a t i o n s  i f  t h e  t r u e  compress ive  f a i l u r e  sequence is t o  be de l inea ted .  

A f i b e r  bundle  embedded i n  epoxy c a s t i n g  p r o v i d e s  t h e  needed oppor tun i ty  t o  

m o n i t o r  t h e  f a i l u r e  s e q u e n c e  a n d  assess t h e  c o m p r e s s i v e  s t r e n g t h  of t h e  

f i b e r  . 
F a i l u r e  of f i b e r s  by t h e m s e l v e s  u n d e r  c o m p r e s s i o n  was s t u d i e d  by 

embedding a s i n g l e  f i l a m e n t  i n  a r e s i n  b lock  [22,23]. I n  carbon f i b e r s  w i th  

vary ing  moduli ,  t h e  f a i l u r e  mode tended toward k inking  of f i b r i l s  and t h e  

f a i l u r e  s t r a i n  decreased ,  as t h e  f i b e r  an i so t ropy  inc reased  [Zl]. Yet, AS 

and Type I1 c a r b o n  f i b e r s  d i d  n o t  f a i l  u n d e r  l o a d i n g  up  t o  3% s t r a i n .  

K e v l a r  49 f i b e r s  a l s o  f a i l e d  by k ink ing  of f i b r i l s  around 0.5 % s t r a i n  [23]. 

t h e  compressive load-  

c a r r y i n g  c a p a b i l i t y  of f i b e r s  themse1,ves. However, it i n c l u d e s  no f i b e r -  

f i b e r  i n t e r a c t i o n  which is p r e v a l e n t  i n  real composites. Also, no effect of 

matrix and i n t e r f a c e  can be s t u d i e d  by means of t h i s  test. 

The embedded s i n g l e - f i l a m e n t  test can  de termine  

C o m p r e s s i v e  tes ts  on  embedded f i b e r  b u n d l e  s p e c i m e n s  were c o n d u c t e d  

The f i r s t  w a s  t o  assess t h e  c o m p r e s s i v e  

The  s e c o n d  w a s  t o  i d e n t i f y  t h e  f a i l u r e  mechanisms 

The f i n a l  o b j e c t i v e  was t o  s t u d y  t h e  e f f e c t  o f  m a t r i x  

w i t h  t h r e e  o b j e c t i v e s  i n  mind. 

s t r e n g t h s  of f i b e r s .  

u n d e r  compress ion .  

4 



and i n t e r f a c e  on t h e  compress ive  s t r eng th .  Specimens were monitored du r ing  

t e s t i n g  through a n  o p t i c a l  microscope t o  d e t e c t  s i g n s  of  imminent f a i l u r e .  

F a i l e d  specimens were examined on a scanning e l e c t r o n  microscope (SEM) t o  

i d e n t i f y  microscopic  modes o f  f a i l u r e .  

h e l p  d e t e c t  s u b c r i t i c a l  f a i l u r e s  such  as i n t e r f a c i a l  f a i l u r e .  

Acous t ic  emis s ions  were monitored t o  

2.2 Specimen P r e p a r a t i o n  and T e s t i n g  

S i x  d i f f e r e n t  f i b e r s  were combined wi th  two d i f f e r e n t  epoxy r e s i n s ,  see 

T a b l e  1. Two t y p e s  of E-g lass  f i b e r  bund les  were used: one c o n t a i n i n g  200 

f i l a m e n t s  a n d  t h e  o t h e r  c o n t a i n i n g  2040 f i l a m e n t s .  The f o r m e r  had  a 

po lyes t e r - compa t ib l e  c o u p l i n g  agen t  a p p l i e d  w h i l e  t h e  l a t t e r  w a s  t r e a t e d  

w i t h  a n  e p o x y - c o m p a t i b l e  c o u p l i n g  a g e n t .  The K e v l a r  49 b u n d l e  was i n  t h e  

f o r m  o f  a s t r a n d  wh ich  had  b e e n  i m p r e g n a t e d  and  c u r e d  w i t h  DER 332/T403. 

The cured s t r a n d  was t h e n  embedded i n  t h e  epoxy c a s t i n g .  Epon 815/V140 was 

c h o s e n  t o  r e p r e s e n t  a s o f t  r e s i n ,  a n d  Epon 828/Z, a s t i f f  r e s i n .  The 

nominal p r o p e r t i e s  of f i b e r s  and r e s i n s  used are l i s t e d  i n  T a b l e s  2 and 3. 

The u s e  o f  two r e s i n s  w i t h  d i f f e r e n t  s t i f f n e s s e s  was n e c e s s a r y  t o  

a s c e r t a i n  w h e t h e r  t h e  f a i l u r e  w a s  i n t r i n s i c  t o  t h e  f i b e r s  o r  d u e  t o  

microbuckling. The r e s i n  p r o p e r t i e s  were measured b u t  t h e  f i b e r  p r o p e r t i e s  

were t a k e n  f r o m  m a n u f a c t u r e r s '  d a t a  s h e e t s .  F u r t h e r  d e t a i l s  o f  r e s i n  

f o r m u l a t i o n s  and f a b r i c a t i o n  procedures  can  be found i n  Reference  [ 2 4 ] .  

The I I T R I  c o m p r e s s i o n  f i x t u r e  was u s e d  w i t h  a g a g e  l e n g t h  o f  13 mm. 

Spec imen  t h i c k n e s s  v a r i e d  f r o m  4 t o  6.5 mm w h i l e  t h e  w i d t h  was k e p t  a t  6.5 

mm. An I n s t r o n  t e s t i n g  machine was used a t  a c rosshead  speed of 1.3 mm/min. 

During t e s t i n g  t h e  f i b e r  bund le  was monitored f o r  f a i l u r e  through a Zeiss 

s t e r e o  m i c r o s c o p e  a t  m a g n i f i c a t i o n s  up  t o  50X. S i n c e  t h e  f i b e r  b u n d l e  
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Table  1. Fiber-Resin Combinations 

F ibe r  No. of f i l a m e n t s  Resin Specimen Remark 
per  bundle t y p e  

E-g 1 ass 200 

2040 

T300 Graph i t e  3000 

T700 Graph i t e  4500 

P75 Graphi te  2000 

FP Alumina 210 

Kevlar 49 267 

Epon 815 
Epon 828 

Epon 815 

Epon 815 

Epon 828 

Epon 815 
Epon 828 

Epon 815 
Epon 828 

Epon 815 

Epon 815 

I ITRI Polyes te r -  
IITRI compatible  

P l a t e  EPOXY- 
compatible  

IITRI & 
P l a t e  
IITRI 

IITRI 
IITRI 

IITRI 
IITRI 

P l a t e  

P l a t e  S t rand  
cured i n  
DER33 2 /T403 
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Table 2. Resin Properties 

EPOXY Modulus 
(GPa) 

U1 timate Tensile fa i lure  
tensile strain,  % 
(MPa) 

Epon 828/Z 3.45 
(80/20) 

Epon 815/V140 2.13 
(60/40) 

85.4 

45.5 

9 

14 

Table 3. Fiber Properties 

Fiber Diameter Cross-sectional Modulus Tensile failure 
area of bundle strain,  % 

E-G1 13.5 2.92~10-~ 72.35 4.80 

T700 5.1 9 . 1 6 ~ 1 0 ' ~  234.00 1.83 

"300 7.0 11.61~10'~ 230.00 1.34 

P75 9.7 14.84~10-~ " 517.00 0.40 

FP 20.0 6.60~10'~ 379.00 0.36 

2) (m) 
(mm 
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occupied a small f r a c t i o n  of the specimen volume, its f a i l u r e  d i d  n o t  l e a d  

t o  s p e c i m e n  f a i l u r e .  Thus  t h e  b u n d l e  f a i l u r e  c o u l d  b e  c o n t a i n e d  and  

monitored. 

The b u n d l e  f a i l u r e  was m o n i t o r e d  a l s o  on  l o a d - s t r a i n  c u r v e s .  Two 

s p e c i m e n s  o f  e a c h  material  c o m b i n a t i o n  had  a s t r a i n  g a g e  a t t a c h e d .  

Wicrobuckling of  t h e  bund le  a l w a y s  r e s u l t e d  i n  a sudden l o a d  drop. However, 

f a i l u r e  o f  t h e  P75 and  K e v l a r  49  f i b e r s  d i d  n o t  r e s u l t  i n  a s u d d e n  l o a d  

drop, and hence c o u l d  be d e t e c t e d  o n l y  v i s u a l l y .  

A f t e r  bundle  f a i l u r e ,  t h e  specimen was cracked  open through t h e  bundle  

and  examined  on  a s c a n n i n g  e l e c t r o n  m i c r o s c o p e  (SEM). Modes o f  f i b e r  

f r a c t u r e  were noted, and t h e  l e n g t h s  of  broken segments were measured, 

A d d i t i o n a l l y ,  r e c t a n g u l a r  p l a t e  s p e c i m e n s  were u s e d  t o  i n v e s t i g a t e  

a c o u s t i c  emiss ion  (AE) behavior.  A l l  t h e  E-g lass  bund les  i n  p l a t e  specimens 

had 2040 f i l a m e n t s .  The specimen dimensions were chosen so as t o  accomodate 

a 8-mm diameter  AE t r a n s d u c e r  and t o  a v o i d  g l o b a l  buckling. A s t r a i n  gage 

was bonded on one s i d e  of  t h e  specimen and t h e  AE t r a n s d u c e r  was a t t a c h e d  on 

t h e  o t h e r  w i t h  a h i g h - v i s c o s i t y  s i l i c o n e  g r e a s e  as  c o u p l i n g  a g e n t .  The 

t r a n s d u c e r  had  a r e s o n a n t  f r e q u e n c y  o f  425 KHz a n d  a n  AET 5000 s y s t e m  was 

used t o  monitor a c o u s t i c  emissions,  The l o a d i n g  w a s  a t  t h e  t o p  and bottom 

edges of t h e  specimen i n  a s p e c i a l l y  made f i x t u r e ,  as shown i n  F igure  1. A 

T e f l o n  s t r i p  was i n s e r t e d  between each  s i d e  of  t h e  specimen and t h e  f i x t u r e  

t o  e l i m i n a t e  t h e  n o i s e  t h a t  m i g h t  b e  g e n e r a t e d  by f r i c t i o n ,  A c r o s s h e a d  

speed o f  1 mm/min w a s  used f o r  t h e  p l a t e  specimens, 

2.3 F a i l u r e  Modes 

The two compress ive  f a i l u r e  modes most f r e q u e n t l y  encountered i n  t h e  

I n  t h e  microbuckl ing  l i t e r a t u r e  are f i b e r  microbuckl ing  and f i b e r  kinking. 
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SEGnON AA 

ALL DIMENSIONS IN mm 

Figure 1.  A plate specimen in the compression fixture. 
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mode of  f a i l u r e  t h e  f i b e r s  u s u a l l y  f r a c t u r e  a t  s e v e r a l  p o i n t s  and t h e r e  is 

no r e l a t i v e  lateral  d i sp lacemen t  a c r o s s  t h e  f a i l u r e  zone. I n  k ink ing  t h e  

f i b e r s  ( i n i t i a l l y )  f r a c t u r e  a t  two p o i n t s  and t h e r e  is r e l a t i v e  d i sp lacemen t  

of t h e  f i b e r s  a c r o s s  t h e  f a i l u r e  zone. 

F igu re  2 shows b u c k l i n g  of  t h e  E-g lass  bund le  (200 f i l a m e n t s )  i n  a weak 

epoxy o c c u r r i n g  o v e r  its e n t i r e  length .  The epoxy, Epon 815/V140, had t o o  

much s o l v e n t  i n a d v e r t e n t l y  added du r ing  fo rmula t ion ,  and as a r e s u l t ,  w a s  

much s o f t e r  t h a n  it s h o u l d  have  been. Buckl ing  of  t h e  f i b e r  bund le  i n  t h i s  

epoxy was q u i t e  g r a d u a l ,  s t a r t i n g  a t  a ve ry  low l o a d ,  and occur red  un i fo rmly  

o v e r  t h e  e n t i r e  gage l eng th .  Note t h a t  a l l  f i b e r s  buckled  i n  phase w i t h  one 

ano the r .  

The e l l i p t i c a l  s p o t s  s e e n  o v e r  t h e  b u n d l e  i n  F i g u r e  2 are c r a c k s  

growing i n t o  t h e  ma t r ix  a l m o s t  normal t o  t h e  p l a n e  of  t h e  photograph. These 

c r a c k s  were genera ted  by t h e  t e n s i l e  stress between t h e  f i b e r s  as a r e s u l t  

o f  b u c k l i n g .  No te  a l s o  t h a t  f i b e r s  h a v e  n o t  b r o k e n  y e t ,  e v e n  t h o u g h t h e y  

are b e n t .  

F a i l u r e  o f  t h e  E - g l a s s  b u n d l e  i n  a w e l l  f o r m u l a t e d  Epon 815 i s  

c a t a s t r o p h i c  and  q u i t e  l o c a l i z e d ,  and  i s  i n  t h e  form o f  m i c r o b u c k l i n g ,  

F i g u r e  3. M i c r o b u c k l i n g  o c c u r s  w i t h o u t  w a r n i n g  and  i m m e d i a t e l y  l e a d s  t o  

f r a c t u r e  of  f i b e r s .  F i b e r  f r a c t u r e  is seen  t o  p r o g r e s s  from one edge of t h e  

bundle  t o  t h e  o the r .  

M i c r o b u c k l i n g  o f  t h e  E - g l a s s  b u n d l e  i n  t h e  s t i f f e r  Epon 8 2 8  i s  a l s o  

q u i t e  l o c a l i z e d ,  F i g u r e  4. A l t h o u g h  t h e  b u n d l e  h a s  a n  e l l i p t i c a l  c r o s s  

s e c t i o n ,  i t  c a n  b u c k l e  i n  t h e  p l a n e  o f  t h e  l a r g e r  d i m e n s i o n  a s  w e l l .  The 

buckled  r e g i o n  is o u t  of  f o c u s  because of t h e  out-of-plane movement of t h e  

bundle. Macroscop ica l ly ,  no d i s t i n c t i o n  c o u l d  be d e t e c t e d  between bund le  
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F i q u r e  2.  Uniform buckl ing  o f  E-glass  bundle  i n  a 
weak Epon 815/V140 (74 X) . 

Figure 3 .  Local ized  buckl ing  of E-glass bundle  i n  
Epon 815/V740 (180 X )  . 
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f a i l u r e s  i n  Epon 815 and Epon 828. 

The f a i l u r e  of t h e  T300 g r a p h i t e  f i b e r  b u n d l e  i n  Epon 815 is similar t o  

t h a e  o f  t h e  E - g l a s s  b u n d l e  i n  Epon 828. However, t h e  f a i l u r e  z o n e  o f  t h e  

T300 b u n d l e  i n  Epon 8 2 8  i s  much na r rower .  Also, t h e r e  is  v e r y  l i t t l e  

i n d i c a t i o n  of fa i lure  f o r  t h e  bundle  i n  Epon 828. Rather ,  o n l y  a t h i n  dark  

l i n e  i n d i c a t e s  f a i l u r e  o f  t h e  bundle,  F igu re  5. 

The h i g h - s t r a i n  T700 g r a p h i t e  behaves s i m i l a r l y  t o  t h e  T300 graph i t e :  

t h e  f a i l u r e  is l o c a l i z e d  and Epon 828 r e s u l t s  i n  a smaller f a i l u r e  zone than  

Epon 815. 

FP a lumina  f i b e r s  i n  Epon 815 a l s o  f a i l e d  c a t a s t r o p h i c a l l y  and wi thou t  

a n y  warn ing .  The f a i l u r e  z o n e  was q u i t e  l o c a l i z e d  y e t  c l e a r l y  v i s i b l e ,  

F i g u r e  6. 

F a i l u r e  of P75 g r a p h i t e  and K e v l a r  49 f i b e r s ,  however, was d i f f i c u l t  t o  

d e t e c t  because it occurred  g r a d u a l l y .  These f i b e r s  f a i l e d  early i n  t h e  form 

of k i n k i n g  o f  f i b r i l s  a t  many l o c a t i o n s  o v e r  t h e i r  l e n g t h .  S i n c e  e a c h  

‘ f a i l u r e  z o n e  was m i n u t e ,  f a i l u r e  was v i s i b l e  o n l y  when t h e  l i g h t i n g  was 

i n c i d e n t  a t  a n  a c u t e  a n g l e  wi th  t h e  f i b e r s .  F igu re  7 shows f a i l e d  K e v l a r  49 

f i b e r s  i n  Epon 815. The wh i t e  bands i n c l i n e d  abou t  30° t o  t h e  bundle  a x i s  

are t h e  k i n k  bands.  T h e s e  k i n k  b a n d s  i n  t h e  b u n d l e  are t h e  r e s u l t  o f  

compress ive  f a i l u r e  of t h e  f i b e r s  themselves.  The compress ive  f a i l u r e  of 

f i b e r s  t a k e s  t h e  form of  k ink ing  of f i b r i l s  i n  high-modulus g r a p h i t e  f i b e r s  

E223 and K e v l a r  f i b e r s  [22,25]. 

After compression tests, one specimen from each  group was cracked  open 

a l o n g  t h e  b u n d l e .  The S E M m i c r o g r a p h s  o f  E - g l a s s  b u n d l e s  c l e a r l y  show a 

buckling-induced f a i l u r e ,  F igu re  8; t h e  broken f i b e r  segments are s e e n  t o  

h a v e  r o t a t e d  and  t h e  b r o k e n  e n d s  are m o s t l y  s q u a r e .  B u c k l i n g  is o v e r  a 

12 



Figure 4. Localized buckling o f  E-glass bundle in 
Epon 828/Z (180 X )  . 

Figure 5. Localized failure o f  T300 graphite bundle 
in Epon 828/Z (180 X) . 
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Figure  8. SEN micrographs o f  E-glass bundles:  
( a )  Epon 815/V140; (b )  Epon 828/Z. 
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d i s t a n c e  of  s e v e r a l  wave l eng ths .  Not much d i f f e r e n c e  is seen  between t h e  

two r e s i n s .  

A s  m e n t i o n e d  e a r l i e r ,  t h e  T300 g r a p h i t e  b u n d l e  shows more l o c a l i z e d  

f a i l u r e  t h a n  d o e s  t h e  E - g l a s s  b u n d l e ,  F i g u r e  9. F u r t h e r m o r e ,  f a i l u r e  is 

more of a k ink ing  type; that  is, t h e r e  is a t r a n s v e r s e  movement a c r o s s  t h e  

f a i l u r e  band. Such  b e h a v i o r  i s  n o t  s u r p r i z i n g  f o r  t h e  f o l l o w i n g  r e a s o n s .  

J u s t  l i k e  t h e  f a i l u r e  i n i t i a t i o n  u n d e r  t e n s i o n ,  microbuckl ing  w i l l  occur  

f i r s t  a t  t h e  weakest po in t .  I f  f i b e r  f r a c t u r e  does n o t  f o l l o w  immediately,  

buck l ing  w i l l  sp read  a l o n g  t h e  f i b e r  ax is .  S i n c e  g r a p h i t e  f i b e r s  have  lower 

t e n s i l e  fa i lure  s t r a i n  t h a n  g l a s s  f i b e r s ,  t h e  former are more l i k e l y  t o  f a i l  

i m m e d i a t e l y  a f t e r  b u c k l i n g ,  t h e r e b y  r e d u c i n g  t h e  f i b e r  stress. T h i s  may 

e x p l a i n  why t h e  k ink ing  t y p e  of  f a i l u r e  i s  observed  i n  t h e  g r a p h i t e  bundle. 

The f a i l u r e  modes o f  T700 f i b e r s  o b s e r v e d  i n  SEM m i c r o g r a p h s  are 

similar t o  t h o s e  o f  T300 f i b e r s ,  F i g u r e  10. FP f i b e r s  a l s o  f a i l e d  i n  

m i c r o b u c k l i n g ,  F i g u r e  11 (a). Some f i b e r s  show s p l i t t i n g  t h r o u g h  t h e  

c e n t e r ,  r e s u l t i n g  i n  a step-wise f r a c t u r e  s u r f a c e ,  F igu re  11 (b). 

The high-modulus P75 f i b e r s  f a i l e d  i n  s h e a r  wi thout  buck l ing ;  s l a n t e d  

Even  a f t e r  f a i l u r e ,  t h e  f i b e r s  f r a c t u r e  s u r f a c e s  a re  s e e n  i n  F i g u r e  12. 

remain s t r a i g h t  w i thou t  r o t a t i o n  o r  cu rva tu re .  A c l o s e r  examination of  t h e  

f r a c t u r e  s u r f a c e s  r e v e a l s  t h a t  t h e  f a i l u r e  of P75 f i b e r s  is r e a l l y  due t o  

k inking  of  f i b r i l s ,  F igu re  12(b). It s h o u l d  be noted  t h a t  t h e  P75 f i b e r  h a s  

a h i g h l y  o r i e n t e d  s t r u c t u r e  and t h u s  behaves  l i k e  a u n i d i r e c t i o n a l  composite 

on a microscopic  scale. 

The f a i l u r e  o f  K e v l a r  49  f i b e r s  i s  s imi la r  t o  t h a t  of  P75 f i b e r s ;  

however ,  t h e  f a i l u r e  i n  t h e  f o r m e r  d o e s  n o t  i n v o l v e  f r a c t u r e ,  b u t  s h a r p  

b e n d i n g  o f  f i b r i l s .  The k i n k i n g  o f  f i b r i l s  on  a 450 p l a n e  i n  K e v l a r  4 9  

16 



Figure  9 .  SEM micrographs of T300 g r a p h i t e  bundles:  
( a )  Epon 815/V140; ( b )  Epon 828/Z 
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Figure  10. SEFil micrographs of T700 g r a p h i t e  bundles:  
( a )  Epon 815/V140; (b )  Epon 528/Z. 
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Figure  11. SEM micrographs of FP alumina bundle : 
( a )  bundle; ( b )  broken end. 

c 
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Figure  12.  SEM micrographs o f  P75 g r a p h i t e  bundles:  
( a )  Epon 815/V140; (b)  Epon 828/Z. 
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I 

, 

f i b e r s  o n l y  s l i g h t l y  degrades  t h e  subsequent  t e n s i l e  s t r e n g t h  of t h e  f i b e r  

~ 3 1 .  

The a p p a r e n t  s h e a r  f a i l u r e  i n  P75 a n d  K e v l a r  49 f i b e r s  was q u i t e  

un i formly  d i s t r i b u t e d  o v e r  t h e  e n t i r e  l e n g t h ,  whereas t h e  buck l ing  f a i l u r e  

of t h e  o t h e r  f i b e r s  was o n l y  a t  a few i s o l a t e d  sites a l o n g  t h e  bundle. I n  

o t h e r  words ,  t h e  c o m p r e s s i v e  f a i l u r e  o f  P75 a n d  K e v l a r  49  f i b e r s  i s  more 

l i k e  t h e  m u l t i p l e  f r a c t u r e  t h a t  i s  f r e q u e n t l y  o b s e r v e d  i n  t h e  t e n s i l e  

t e s t i n g  of f i b e r s  embedded i n  r e s in .  

The number of  f i b e r  b reaks  and t h e  a v e r a g e  l e n g t h  of  each  segment i n  a 

f a i l u r e  z o n e  are  shown i n  F i g u r e  13. No d a t a  are  shown f o r  t h e  FP f i b e r  

s i n c e  t h e  spec imen  t h a t  was c r a c k e d  open  and  examined  i n  SEM d i d  n o t  show 

enough broken segments. The geomet r i ca l  d e t a i l s  of  t h e  f a i l u r e  zone v a r i e s  

much more t h a n  c o u l d  be desc r ibed  by ave rage  numbers a lone .  Yet, t h e  d a t a  

i n  t h e  f i g u r e  i n d i c a t e  an  i n c r e a s e  in t h e  number of fiber breaks  and segment 

l e n g t h  wi th  i n c r e a s i n g  bund le  f a i l u r e  s t r a i n .  

A s  was s e e n  e a r l i e r ,  t h e  f a i l u r e  mode o f  P75 f i b e r s  i s  a s i n g l e ,  

s l a n t e d  f r a c t u r e  s u r f a c e .  The f a i l u r e  o f T 7 0 0  f i b e r s i n  b o t h  e p o x i e s  a n d  

T300 f i b e r s  i n  Epon 828 is c h a r a c t e r i z e d  by doub le  breaks  i n  each  f i l a m e n t ,  

Le., f i b e r  k i n k i n g .  The number o f  b r e a k s  i n c r e a s e s  t o  t h r e e  f o r  t h e  T300 

f i b e r s  i n  Epon 815. The E-glass  bundle  e x h i b i t s  more than  t h r e e  breaks  i n  

each f i l a m e n t  r e g a r d l e s s  o f  t h e  epoxy type. The l e n g t h  of each segment a l s o  

increases w i t h  t h e  number of breaks. 

2.4 F a i l u r e  S t r a i n s  

Typ ica l  s t r e s s - s t r a i n  c u r v e s  f o r  Epon 828 specimens of IITRI t y p e  are 

where buck l ing  o f  t h e  bund le  is seen  t o  occur  when t h e  shown i n  F i g u r e  14 
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Figure 14. Stress-strai n curves for Epon 823/2 specimens 
wi t h  embedded fiber bundl e. 
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r e s i n  is i n  t h e  n o n l i n e a r  range. S i n c e  t h e  a v e r a g e  f i b e r  volume c o n t e n t  is 

on t h e  o r d e r  of  0.4%, f i b e r s  do n o t  a p p r e c i a b l y  a f f e c t  t h e  i n i t i a l  modulus: 

usi’ng t h e  r u l e - o f - m i x t u r e s  a n d  t h e  p r o p e r t i e s  d e f i n e d  i n  T a b l e s  2 and  3 

y i e l d  a n  i n i t i a l  m o d u l u s  o f  3.6 GPa f o r  E - g l a s s ,  4.2 GPa f o r  T300 and  T700 

g r a p h i t e ,  and 5.5 GPa f o r  P75 g raph i t e .  S i m i l a r  s t r e s s - s t r a i n  r e l a t i o n s  bu t  

w i th  lower moduli  were ob ta ined  f o r  Epon 815. 

A s  m e n t i o n e d  ea r l i e r ,  t h e  f a i l u r e  o f  P75 f i b e r s  d i d  n o t  r e s u l t  i n  a 

sudden drop  i n  stress, F igure  14. Rather,  t h e  t angen t  modulus changed o n l y  

s l i g h t l y .  The c h a n g e  was more d i s t i n c t i v e  i n  Epon 815 t h a n  i n  Epon 8 2 8  

because t h e  former r e s i n  was s o f t e r .  

The measured compress ive  s t r a i n s  a t  bund le  f a i l u r e  are shown i n  F igu re  

15. The E - g l a s s  f i b e r  b u n d l e  i s  s e e n  t o  h a v e  t h e  h i g h e s t  f a i l u r e  s t r a i n  

w h i l e  t h e  P75 bund le  h a s  t h e  lowest.  The h igh - s t r a in  T700 g r a p h i t e  bundle  

is  s l i g h t l y  s t r o n g e r  t h a n  t h e  T300. A s  expec ted  from t h e  buck l ing  theory ,  

t h e  s t i f f e r  epoxy y i e l d s  h ighe r  f a i l u r e  s t r a i n s .  However, t h e  d i f f e r e n c e  i n  

f a i l u r e  s t r a i n  due t o  r e s i n  s t i f f n e s s  f o r  t h e  T300 and T700 g r a p h i t e  f i b e r s  

i s  much less  t h a n  f o r  t h e  E - g l a s s  f i b e r ,  a n d  d i s a p p e a r s  f o r  t h e  P75 f i b e r .  

S i n c e  t h e  f a i l u r e  o f  P75 f i b e r s  i s  i n  s h e a r  w i t h o u t  b u c k l i n g ,  r e s i n  

s t i f f n e s s  h a s  no effect. 

F i b e r  bund les  hav ing  h ighe r  t e n s i l e  f a i l u r e  s t r a i n s  are seen  t o  b u c k l e  

a t  h i g h e r  c o m p r e s s i v e  s t r a i n s ,  F i g u r e  16. The P75 f i b e r  i s  weake r  i n  

c o m p r e s s i o n  t h a n  i n  t e n s i o n .  However, b o t h  T300 a n d  T700 f i b e r s  are 

s t r o n g e r  i n  c o m p r e s s i o n .  The  E - g l a s s  f i b e r  i s  s l i g h t l y  weake r  i n  

compression. 

Buckl ing  of  a s i n g l e  f i b e r  embedded i n  ma t r ix  h a s  been ana lyzed  i n  t h e  

The a p p r o x i m a t e  a n a l y s i s  i n  [ 2 8 ]  i n d i c a t e s  t h a t  t h e  l i t e r a t u r e  [26-281. 
/ 
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buck l ing  s t r a i n  and t h e  buck le  wavelength  of  t h e  f i b e r  are r e l a t e d  t o  t h e  

moduli  E,, Ef, and t h e  f i b e r  d i ame te r  df by 

Q 

where t h e  s u b s c r i p t s  m and f deno te  ma t r ix  and f i b e r ,  r e s p e c t i v e l y .  

F i g u r e s  1 7  and  18 show t h a t  t h e  p r e s e n t  d a t a  f o l l o w  t h e  t r e n d s  

p r e d i c t e d  by Eqs. (1) a n d  (Z), a l t h o u g h  a b u n d l e  of f i b e r s  r a t h e r  t h a n  a 

s i n g l e  f i b e r  was used. The b u c k l i n g  s t r a i n  i s  s e e n  t o  b e  p r o p o r t i o n a l  t o  

t h e  squa re  r o o t  of t h e  mat r ix- to- f iber  modulus r a t i o .  The segment l e n g t h  

i n c r e a s e s  l i n e a r l y  w i t h  f i b e r  d i ame te r  and wi th  t h e  q u a d r a t i c  r o o t  of t h e  

f iber - to-mat r ix  modulus r a t i o  a l t h o u g h  t h e  r e l a t i o n s h i p  does n o t  go through 

t h e  o r i g i n .  

2.5 De tec t ion  of  S u b c r i t i c a l  F a i l u r e  by Acous t ic  Emission 

S i n c e  o p t i c a l  microscopy d i d  n o t  r e v e a l  any s u b c r i t i c a l  f a i l u r e s ,  t h e  

a c o u s t i c  emiss ion  (AE) t echn ique  was used t o  monitor f a i l u r e  sequence i n  t h e  

p l a t e  spec imens .  The  preset AE p a r a m e t e r s  l i s t e d  i n  T a b l e  4 were 

s u f f i c i e n t  t o  a v o i d  n o i s e  and r eco rd  a l m o s t  a l l  l e g i t i m a t e  emissions. The 

t h r e s h o l d  t h e  t o t a l  a m p l i f i e r  g a i n  a t  90 

dB i n c l u d i n g  60 dB a t  t h e  p reampl i f i e r .  Acous t ic  emis s ion  parameters  such  as 

e v e n t s ,  mean ringdown coun t s ,  mean peak ampl i tude ,  and mean e v e n t  d u r a t i o n  

were r e c o r d e d  a g a i n s t  t i m e  and  s t r a i n .  D i s t r u b u t i o n s  o f  p e a k  a m p l i t u d e s  

were a l s o  obtained. 

v o l t a g e  was set a t  0.3 v o l t s ,  and 

F i g u r e  19 shows stress a n d  c u m u l a t i v e  e v e n t s  v e r s u s  s t r a i n  f o r  a n e t  

r e s i n  specimen under compression. The s t r e s s - s t r a i n  c u r v e  is l i n e a r  up t o  

27 
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TABLE 4. Acoustic Emission Preset Parameters 

Preamplier Gain ......................... 60 dB 

Threshold Voltage ....................... 0.3 Volts (fixed) 

Amplifier Gain .......................... 30 dB 

Event Duration clock .................... 125 ns 

Rise time clock ........................ 125 ns 

Reject Criteria: 

-Ringdown count ....................... 1<n<4095 

-Peak Amplitude ........................ 5<1<64 dB 

-Event Duration ........................ 1<T<480 $3 

-Rise Time ............................. 1<RT<480 pS 

-Slope ................................. O<S<65520 dB/pS 
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1% s t r a i n ,  a f t e r  wh ich  i t  becomes s l i g h t l y  n o n l i n e a r .  A t  2.6% s t r a i n  t h e  

s p e c i m e n  s t a r t e d  t o  y i e l d .  The t o t a l  number o f  a c o u s t i c  e m i s s i o n  e v e n t s  

r e c o r d e d  up t o  y i e l d i n g  i s  o n l y  20, i n d i c a t i n g  t h a t  t h e  r e s i n  i s  n o t  v e r y  

a c o u s t i c a l l y  a c t i v e  i n  compression. Moreover, t h e r e  were no e v e n t s  r e j e c t e d  

by t h e  AET s y s t e m  because of  t h e  p r e s e t  parameters. 

A c o u s t i c  e m i s s i o n  e v e n t s  s t a r t  q u i t e  e a r l y  and  i n c r e a s e  r a p i d l y  w i t h  

i n c r e a s i n g  s t r a i n  i n  t h e  presence  of  a g l a s s  bund le  embedded i n  t h e  r e s i n ,  

F i g u r e  20. I n  f a c t ,  t h e  t o t a l  number of e v e n t s  f o r  t h e  n e a t  r e s i n  a l o n e  

i s  e x c e e d e d  a t  a s t r a i n  as l o w  a s  0.3-0.35%. A l a r g e  b u r s t  o f  e m i s s i o n s  i s  

recorded  a t  t h e  time of v i s i b l e  bund le  f a i l u r e ,  which was a l s o  i n d i c a t e d  by 

a n  a b r u p t  d rop  i n  l o a d  i n  t h e  l o a d - s t r a i n  p l o t .  

F a i l e d  specimens were examined on a n  o p t i c a l  microscope t o  l o c a t e  t h e  

p r o b a b l e  s o u r c e s  o f  a c o u s t i c  e m i s s i o n s .  I t  w a s  f o u n d  t h a t  t h e r e  was 

debonding and f a i l u r e  of  t h e  bundle  a t  both  l o a d i n g  ends  i n  a d d i t i o n  t o  t h e  

b u n d l e  f a i l u r e  i n  t h e  g a g e  s e c t i o n .  A c a r e f u l  o b s e r v a t i o n  o f  a n o t h e r  

specimen dur ing  l o a d i n g  r e v e a l e d  t h a t  debonding was i n i t i a t e d  a t  t h e  l o a d i n g  

e n d s  and  p r o p a g a t e d  a l o n g  t h e  b u n d l e .  However ,  b e f o r e  d e b o n d i n g  c o u l d  

p r o p a g a t e  w e l l  i n t o  t h e  g a g e  s e c t i o n ,  f i b e r s  a t  t h e  e n d s  had f a i l e d .  The 

bundle  f a i l u r e  i n  t h e  gage s e c t i o n  occurred  much later, 

A c o u s t i c  e m i s s i o n s  e m a n a t i n g  f rom d e b o n d i n g  were shown by R o t h w e l l  

u s i n g  a s i n g l e  f i l a m e n t e m b e d d e d i n a n  epoxy b l o c k w i t h c u r v e d  n e c k  Ell]. 

However, w i t h  t h e  end f a i l u r e  j u s t  desc r ibed  it was n o t  clear whether o r  n o t  

some emiss ions  were from debonding A s  a first s t e p  t o  

answer t h i s  ques t ion ,  t h e  q u a l i t y  of  f ibe r -ma t r ix  bonding was examined on 

t h e  c r o s s  s e c t i o n  o f  a v i r g i n  spec imen.  The  r e s u l t i n g  SEM m i c r o g r a p h o f  

F i g u r e  21 (a) shows d e b o n d i n g ,  a n d  h e n c e  i n d i c a t e s  a p o o r  i n t e r f a c i a l  

i n  t h e  gage sec t ion .  
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s t r e n g t h  i n  t h e  specimen. To improve bonding, f i b e r  bund les  were d r i e d  a t  

300° F f o r  10 min, a n d  t h e n  embedded i n  t h e  r e s i n .  The r e s u l t i n g  s p e c i m e n s  

had much b e t t e r  bonding, as i n d i c a t e d  by t h e  SEM micrograph of F igu re  21(b). 

Improved bonding was expected t o  reduce t h e  a c o u s t i c  emission response. The 

c o m p a r i s o n  shown i n  F i g u r e  22  shows t h e  a c o u s t i c  e m i s s i o n  e v e n t s  f o r  t h e  

improved  bond spec imen  t o  s t a r t  l a t e r  (i.e. a t  a h i g h e r  l o a d )  a n d  h a v e  a 

h ighe r  occurance rate a t  h i g h e r  loads.  

I n  o r d e r  t o  p r e v e n t  t h e  end f a i l u r e ,  a f e w  specimens had t h e i r  l o a d i n g  

e n d s  p o t t e d  i n  t h e  same r e s i n .  The r e s i n  w a s  c u r e d  a t  room t e m p e r a t u r e  f o r  

48 hours .  The p o t t e d  r e g i o n  was 1 4  mm l o n g  by 9 mm t h i c k  w h e r e a s  t h e  g a g e  

s e c t i o n  was 18 mm l o n g  by 3.5 mm t h i c k .  F i g u r e  2 3  shows much fewer e v e n t s  

f o r  t h e  specimens wi th  po t t ed  ends. Improved bonding does reduce  emis s ions  

somewhat. I n  b o t h  F i g u r e s  22  and  23, t h e  b u r s t  of  e m i s s i o n s  i n d i c a t e s  

f a i l u r e  of t h e  bundle  and t h e  bundle  wi th  good bonding had n o t  f a i l e d  when 

t h e  t e s t  was s t o p p e d .  Thus ,  r e g a r d l e s s  o f  t h e  q u a l i t y  o f  bond ing ,  most  

debonding is concluded t o  occur  j u s t  be fo re  t h e  bundle  failure.  Photographs 

of F igu re  24 compare a v i r g i n  specimen wi th  a f a i l e d  specimen wi th  e x t e n s i v e  

debonding. 

Acoust ic  emis s ions  i n  t h e  FP a lumina  specimen start early and i n c r e a s e  

r a p i d l y  w i t h  i n c r e a s i n g  s t r a i n ,  F i g u r e  25. Most  of e m i s s i o n s  are a l s o  

b e l i e v e d  t o  be  f r o m  d e b o n d i n g  a n d  f i b e r  f a i l u r e s  a t  t h e  e n d s  b e c a u s e  t h i s  

specimen a l s o  showed end f a i l u r e .  Again, t h e  b i g g e s t  jump i n  AE occur s  a t  

t h e  t i m e  of  bund le  f a i l u r e  i n  t h e  gage sec t ion .  

The T300 g r a p h i t e  s p e c i m e n  b e h a v e s  s i m i l a r l y  t o  t h e  g l a s s  spec imen ,  

F igu re  26. The c u m u l a t i v e  e v e n t s  i n  t h e  g r a p h i t e  specimen s t a y  lower t h a n  i n  

t h e  FP specimen.  S i n c e  t h e  same t y p e  of end  f a i l u r e  was o b s e r v e d  i n  t h e  
I 
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g r a p h i t e  spec imen  a l so ,  

emissions.  

i t  is e x p e c t e d  t o  b e  r e s p o n s i b l e  f o r  most  o f  t h e  

E m i s s i o n s  i n  t h e  K e v l a r  b u n d l e  s p e c i m e n  s t a r t  ea r ly  as  i n  t h e  o t h e r  

s p e c i m e n s ,  F i g u r e  27. However ,  t h e y  i n c r e a s e  much more r a p i d l y  w i t h  

i n c r e a s i n g  s t r a i n  t h a n  i n  any o t h e r  specimen. S ince  K e v l a r  f i b e r s  t hemse lves  

f a i l  early i n  compression, as d i scussed  p r e v i o u s l y ,  t h o s e  emis s ions  are from 

f i b e r  f a i l u r e s  and subsquent  k inking  i n  t h e  bundle. Note t h a t  t h e r e  is no 

sudden b u r s t  of emis s ions  i n  c o n t r a s t  t o  t h e  o t h e r  specimens. 

The acoustic emission b e h a v i o r s  of d i f f e r e n t  f i b e r  bund les  d i scussed  so 

f a r  are compared w i t h  o n e  a n o t h e r  i n  F i g u r e  28. A t  t h e  same s t r a i n  l e v e l ,  

t h e  Kev la r  bund le  i s  t h e  most a c t i v e  a c o u s t i c a l l y  w h i l e  t h e  E-glass  bund le  

is t h e  least. The T300 g r a p h i t e  bundle  is  o n l y  s l i g h t l y  more a c t i v e  than  

t h e  E - g l a s s  e x c e p t  a t  f a i l u r e .  The a l u m i n a  b u n d l e  i s  n e x t  t o  t h e  K e v l a r  

bundle  i n  a c o u s t i c  a c t i v i t y .  

Emissions i n  t h e  K e v l a r  bundle  are from f a i l u r e  of f i b e r s  themselves .  

However, emiss ions  i n  t h e  remaining bund les  are mos t ly  from debonding and 

f i b e r  f a i l u r e s  a t  t h e  ends .  S i n c e  FP a l u m i n a  f i b e r  i s  t h e  s t i f f e s t ,  t h e  

s h e a r  stress a t  t h e  bundle- res in  i n t e r f a c e  a t  t h e  ends  would be t h e  h i g h e s t  

i n  t h e  FP b u n d l e  spec imen.  T h e r e f o r e ,  f o r  t h e  same i n t e r f a c i a l  s t r e n g t h ,  

t h e  FP bundle  would be more s u s c e p t i b l e  t o  i n t e r f a c i a l  f a i l u r e  a t  t h e  ends 

than  t h e  o t h e r  bundles.  T h i s  argument based on f i b e r  s t i f f n e s s  c o r r e c t l y  

p r e d i c t s  t h e  ranking  i n  a c o u s t i c  a c t i v i t y  shown i n  F igu re  28. 

F i g u r e  29 shows v a r i a t i o n s  o f  mean peak  a m p l i t u d e  w i t h  time f o r  t h e  

f i b e r s  s tudied.  Except f o r  t h e  K e v l a r  bundle ,  emis s ions  from debonding and 

f i b e r  f a i l u r e  h a v e  h i g h e r  peak  a m p l i t u d e  t h a n  t h o s e  i n  t h e  n e a t  r e s i n .  

S ince  debonding occurs be fo re  f i b e r  f a i l u r e  a t  t h e  ends, t h e  r e s u l t s  f o r  t h e  
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g l a s s  and a lumina  b u n d l e s  can  be used t o  conc lude  t h a t  debonding produces 

e m i s s i o n s  o f  l o w e r  peak  a m p l i t u d e  t h a n  f i b e r  f a i l u r e .  However ,  t h e  same 

c o n c l u s i o n  does  n o t  a p p l y  t o  t h e  g r a p h i t e  bundle, 

A s  f o r  t h e  ranking  based on mean peak ampl i tude ,  the g l a s s  bund le  is a t  

t h e  t o p  w h i l e  t h e  K e v l a r  b u n d l e  is a t  t h e  bottom. The g r a p h i t e  bund le  shows 

s l i g h t l y  h ighe r  a m p l i t u d e s  t h a n  t h e  a lumina  bundle. K i t h  t h e  excep t ion  of 

t h e  n e a t  r e s i n ,  t h e  r ank ing  based on mean peak a m p l i t u d e  i s  a l m o s t  o p p o s i t e  

t o  t h e  ranking  based on cummulat ive events .  

2.6 Summary 

The u s e  o f  a f i b e r  b u n d l e  embedded i n  a r si b l o  k a n  p r o v i d e  much 

needed  i n f o r m a t i o n  on  c o m p r e s s i v e  f a i l u r e  mechanisms i n  u n i d i r e c t i o n a l  

c o m p o s i t e s  b e c a u s e  f a i l u r e  of t h e  b u n d l e  i s  w e l l  c o n t a i n e d  and  c a n  b e  

m o n i t o r e d  d u r i n g  t e s t i n g .  The method c a n  c l e a r l y  d i s t i n g u i s h  be tween  

buckling-induced f a i l u r e  and i n t r i n s i c  f a i l u r e  of f i b e r s .  

The p r e s e n t  s t u d y  i n d i c a t e s  t h a t  t h e  T300 and  T700 g r a p h i t e ,  FP 

a l u m i n a ,  and  E - g l a s s  f i b e r s  a l l  f a i l  i n  m i c r o b u c k l i n g  w h i l e  t h e  h i g h l y  

a n i s o t r o p i c  P75 g r a p h i t e  a n d  K e v l a r  49 f i b e r s  f a i l  by  k i n k i n g  o f  

f i b r i l s .  Buckl ing  of  f i b e r s  c o u l d  be uni formly  d i s t r i b u t e d  i n  a n  ex t r eme ly  

s o f t  r e s i n ,  b u t  i t  i s  q u i t e  l o c a l i z e d  i n  f a i r l y  s t i f f  r e s i n s .  F i b e r  

f r a c t u r e  and debonding occur  a t  t h e  t i m e  of buckling. 

F a i l u r e  s t r a i n s  and segment l e n g t h s  observed  i n  bundle  specimens f o l l o w  

t h e  t r e n d s  p r e d i c t e d  f o r  a s i n g l e  f i b e r  embedded i n  a n  i n f i n i t e  m a t r i x ,  

K i t h  t h e  excep t ion  of  t h e  P75 g r a p h i t e  and K e v l a r  49, compress ive  f a i l u r e  

s t r a i n s  of t h e  f i b e r s  s t u d i e d  are h i g h e r  t h a n  t h o s e  o f  t h e i r  c o m p o s i t e  

c o u n t e r p a r t s .  T h e r e f o r e ,  c o m p r e s s i v e  s t r e n g t h s  o f  t h o s e  f i b e r s  are n o t  
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f u l l y  u t i l i z e d  i n  t h e  composites. 

The a c o u s t i c  e m i s s i o n  t e c h n i q u e  c a n  b e  u s e d  t o  d e t e c t  f a i l u r e  o f  t h e  

embedded b u n d l e .  It  c a n  a l s o  d e t e c t  s u c h  e x t r a n e o u s  f a i l u r e s  as b u n d l e  

debonding and f i b e r  f r a c t u r e  a t  t h e  specimen ends. Improved bonding r educes  

emissions. Yet, r e g a r d l e s s  of t h e  q u a l i t y  of bonding s t u d i e d ,  debonding is 

n o t  s i g n i f i c a n t  u n t i l  i m m e d i a t e l y  b e f o r e  t h e  b u n d l e  f a i l u r e .  T h a t  is, 

debonding is n o t  g r a d u a l ;  r a t h e r ,  it is sudden and c a t a s t r o p i c .  
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3. K I N K  BAND FORMATION 

3.1 I n c i p i e n t  F a i l u r e  

The dominant f a i l u r e  modes i n  composites are s e n s i t i v e  t o  c o n s t i t u e n t  

p r o p e r t i e s ,  t h e  q u a l i t y  o f  f i b e r - m a t r i x  a d h e s i o n ,  d e f e c t s ,  and  t h e  f i b e r  

volume f r a c t i o n .  Therefore ,  it is d i f f i c u l t  t o  d e v e l o p e  a u n i f i e d  model t o  

account  f o r  a l l  competing modes of  f a i l u r e .  What is f e a s i b l e ,  however, is 

t o  i d e n t i f y  t h e  i n c i p i e n t  mode o f  f a i l u r e  and  c o n s t r u c t  a model  t o  

i n c o r p o r a t e  o n l y  t h o s e  parameters t h a t  are r e s p o n s i b l e  f o r  t h a t  p a r t i c u l a r  

mode of f a i l u r e .  Such  a model  c a n  s t i l l  s e r v e  as  a g u i d e  f o r  f u r t h e r  

improvements i n  compress ive  s t r e n g t h .  

The r e s u l t s  o f  t h e  preceding  s e c t i o n  i n d i c a t e  t h a t  i n  composites made 

wi th  g l a s s ,  g r a p h i t e  and a lumina  f i b e r s ,  t h e  i n t r i n s i c  compress ive  s t r e n g t h s  

o f  f i b e r s  are n o t  f u l l y  u t i l i z e d  and  h e n c e  f a i l u r e  o f  t h e s e  f i b e r s  i n  

composites is  t h e  r e s u l t  of microbuckl ing  or kinking. Even f o r  i n i t i a l l y  

s t r a i g h t  f i b e r s  t h e  t e n s i l e  r a d i a l  stresses a t  t h e  f ibe r -ma t r ix  i n t e r f a c e  

can  be as h igh  as 1 t o  3% t h e  a p p l i e d  a x i a l  stress [20]. Thus, f i be r -ma t r ix  

debonding is p o s s i b l e  even  under l o n g i t u d i n a l  compression i f  t h e  i n t e r f a c e  

is n o t  s t r o n g  enough. The reduced suppor t  f o r  t h e  f i b e r s  due t o  i n t e r f a c i a l  

f a i l u r e  f a c i l i t a t e s  microbuckl ing  and w i l l  l e a d  t o  f i n a l  f a i l u r e .  

I n  r e a l  c o m p o s i t e s ,  t h e  f i b e r s  u s u a l l y  are n o t  s t r a i g h t .  T h i s  i s  why 

t h e  measured l o n g i t u d i n a l  compress ive  moduli  are f r e q u e n t l y  lower than  t h e  

t e n s i l e  m o d u l i  [19]. Upon c o m p r e s s i o n ,  t h e  i n i t i a l  c u r v a t u r e  c e r t a i n l y  

h e l p s  f i b e r s  b u c k l e  more ea s i ly  a g a i n s t  t h e  r e s i s t a n c e  by t h e  ma t r ix  through 

t h e  i n t e r f a c e .  The m a t r i x  r e s i s t a n c e  d e p e n d s  n o t  o n l y  o n  t h e  m a t r i x  

p r o p e r t i e s  b u t  a l s o  on t h e  t y p e  o f  f i b e r  buckl ing .  That is, i f  t h e  b u c k l i n g  

of t h e  f i b e r s  is in-phase, t h e  ma t r ix  deformat ion  w i l l  be most ly  i n  shea r ,  
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w h i l e  an  out-of-phase b u c k l i n g  w i l l  induce  predominantly normal deformat ion  

i n  t h e  matrix. 

I n  a c o m p o s i t e  w i t h  a f i b e r  vo lume  f r a c t i o n  V f  a n d  a m a t r i x  v o l u m e  

f r a c t i o n  v,, t h e  a v e r a g e  composite stress Oc is r e l a t e d  t o  t h e  a v e r a g e  f i b e r  

stress Of and t h e  a v e r a g e  ma t r ix  stress Om by 

oc = VfOf + VmOm (3 )  

I f  t h e  f i b e r s  are i n h e r e n t l y  weak i n  c o m p r e s s i o n ,  t h e y  f a i l  b e f o r e  

buck l ing  and t r i g g e r  t h e  composite f a i l u r e .  The f i b e r  stress is t h e n  e q u a l  

t o  t h e  f i b e r  s t r e n g t h  X f ,  and  t h e  c o m p o s i t e  s t r e n g t h  X, w i l l  b e  g i v e n  by 

~ 9 ,  301 

4. 

where 0; is t h e  ma t r ix  stress a t  t h e  time of  f i b e r  f a i l u r e .  A s  was s e e n  i n  

C h a p t e r  2 ,  h i g h l y  a n i s o t r o p i c  f i b e r s  s u c h  a s  h igh -modu lus  g r a p h i t e  and 

K e v l a r  are much weake r  i n  c o m p r e s s i o n  t h a n  i n . t e n s i o n .  C o n s e q u e n t l y ,  

c o m p o s i t e s  made w i t h  t h e s e  f i b e r s  f a i l  as  a r e s u l t  o f  t h e  c o m p r e s s i v e  

f a i l u r e  o f  t h e  f i b e r s  and  t h e  r e s u l t i n g  c o m p o s i t e  s t r e n g t h  f o l l o w s  t h e  

p r e d i c t i o n  g i v e n  by Equation 4.  

I f  f i b e r s  are n o t  i n h e r e n t l y  weak i n  compression, t h e i r  o n l y  o t h e r  mode 

o f  f a i l u r e  i s  f l e x u r a l  f a i l u r e  a s  a r e s u l t  o f  b u c k l i n g .  I f  t h e  m a t r i x  

material is s o f t ,  t h e  f i b e r s  w i l l  be a b l e  t o  push t h e  ma t r ix  as ide .  It h a s  

been shown t h a t  e v e n  i n  K e v l a r  composites t h e  mode o f  f a i l u r e  changes from 

f i b e r  d o m i n a t e d  t o  m a t r i x  d o m i n a t e d  when t h e  m a t r i x  y i e l d  s t r e n g t h d r o p s  

below 10 MPa [19]. 

I n  out-of-phase buck l ing  of  i n i t i a l l y  cu rved  f i b e r s ,  t h e  stress e x e r t e d  
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on t h e  ma t r ix  is predominantly normal. Assuming s i n o s o i d a l  deformat ion  of 

t h e  f i b e r s ,  t h i s  stress is r e l a t e d  t o  t h e  a v e r a g e  composite stress by [19], 

v + 'mEm 
' c  = 5 ( f 'mT (5) 

where  om^ is t h e  t r a n s v e r s e  normal stress e x e r t e d  on t h e  ma t r ix ;  and R and 

d f  d e n o t e  t h e  f i b e r  r a d i u s  o f  c u r v a t u r e  a n d  t h e  f i b e r  d i a m e t e r ,  

r e s p e c t i v e l y .   am^ is t e n s i l e  on t h e  concave  s i d e  of  

t h e  f i b e r  and compress ive  on t h e  convex s ide .  The t e n s i l e  stresses can  cause  

f i b e r - m a t r i x  d e b o n d i n g  a n d  t h u s  f a c i l i t a t e  f u r t h e r  m i c r o b u c k l i n g  o f  t h e  

f i b e r .  I f  b o n d i n g i s  s t r o n g , h o w e v e r ,  t h e  c o m p r e s s i v e  stresses may c a u s e  

The t r a n s v e r s e  stress 

y i e l d i n g  o r  compress ive  f a i l u r e  of  t h e  matrix.  T h i s  would a l s o  f a c i l i t a t e  

f u r t h e r  microbuckl ing  of  t h e  f i b e r s .  

The  i n - p h a s e  b u c k l i n g  o f  f i b e r s  p l a c e s  t h e  m a t r i x  p r e d o m i n a n t l y  i n  

Here, t h e  composite stress needed t o  keep t h e  f i b e r s  i n  t h e  deformed shear.  

p o s i t i o n  can  be d e r i v e d  as [ lo]  

where f o  and R are t h e  ampl i tude  and h a l f  wave leng th  of t h e  i n i t i a l  f i b e r  

c u r v a t u r e ,  r e s p e c t i v e l y ,  and YLT and GLT are t h e  composite s h e a r  s t r a i n  

and s h e a r  modulus, r e s p e c t i v e l y .  The composite f a i l s  e i t h e r  when t h e  s h e a r  

stress e x c e e d s  t h e  c o m p o s i t e  s h e a r  s t r e n g t h  o r  when t h e  f i b e r s  f a i l  i n  

bending. 

The f o r e g o i n g  m o d e l s  are a l l  c o n c e r n e d  w i t h  t h e  i n c i p i e n t  f a i l u r e  o f  

c o m p o s i t e s .  Yet, t h e  f i n a l  f a i l u r e  a l w a y s  shows t h e  f o r m a t i o n  o f  a k i n k  
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band, 

f o l l w i n g  sec t ion .  

T h e r e f o r e ,  d e t a i l s  o n  k i n k  band f o r m a t i o n  are r e v i e w e d  i n  t h e  

3.2 Kink Band Formation 

K i n k i n g  i s  a phenomenon t h a t  seems t o  b e  a s s o c i a t e d  w i t h  material 

an iso t ropy .  The materials t h a t  show k ink ing  i n c l u d e  s i n g l e  crystals of  Cd 

1311, o r i e n t e d  r o d s  o f  p o l y e t h e l y n e  [ 3 2 ] ,  o r i e n t e d  r o d s  o f  N y l o n  [33], 

a n i s o t r o p i c  r o c k s  [34],  p a p e r b o a r d  [35], and  wood [36]. I n  c o m p o s i t e  

materials f i b e r  k ink ing  h a s  become a n  impor tan t  compress ive  mode of failure.  

Although t h e  e x a c t  d e t a i l s  o f  k ink  band format ion  are n o t  clear, it is 

b e l i e v e d  t o  b e  t r i g g e r e d  by o n e  o f  t h e  i n c i p i e n t  f a i l u r e  mechanisms 

d i scussed  i n  t h e  preceding  sec t ion .  I n  most composites k ink ing  i s  t h e  r e s u l t  

o f  f i b e r  m i c r o b u c k l i n g .  However ,  k i n k i n g  c a n  a l s o  b e  t r i g g e r e d  by t h e  

c o m p r e s s i v e  f a i l u r e  o f  f i b e r s  when t h e  f i b e r s  a r e  weak. S e v e r a l  

i n v e s t i g a t o r s  have  a t tempted  t o  p r e d i c t  t h e  parameters a s s o c i a t e d  w i t h  t h e  

k ink  band geometry, F igu re  30(a). These parameters i n c l u d e  k ink  o r i e n t a t i o n  

a n g l e  01, k ink  band a n g l e  6, and k i n k  l e n g t h  6. 

Berg and Salama [37] argued t h a t  t h e  k i n k  band must be i n c l i n e d  i n  o r d e r  

t o  p e r m i t  t h e  b u c k l e d  f i b e r s  t o  u n d e r g o  b o t h  c o m p r e s s i v e  and  s h e a r  

d e f o r m a t i o n .  The r e a s o n  i s  t h a t  m i c r o b u c k l i n g  a l o n g  p l a n e s  wh ich  p e r m i t  

s h e a r  d i sp l acemen t  as b u c k l i n g  proceeds  r e q u i r e s  smaller compress ive  stress 

than  does b u c k l i n g  on a p l a n e  t h a t  does  n o t  permi t  s h e a r  d i sp l acemen t  (i.e. 

p l a n e s  p e r p e n d i c u l a r  t o  t h e  l o a d i n g  axis).  Weaver and W i l l i a m s  Ell] a l s o  

sugges ted  f i b e r  microbuckl ing  as t h e  cause of  kinking. They proposed t h a t  

as t h e  k ink  band broadens (Le. 6 i n c r e a s e s ) ,  t h e  k i n k  band boundary r o t a t e s  

f r o m  i ts  o r i g i n a l  t r a n s v e r s e  p o s i t i o n  m a i n t a i n i n g  a c o n s t a n t  01 = 2 f3 
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r e l a t i o n s h i p .  

By s u c c e s s i v e l y  s e c t i o n i n g  a p a r t i a l l y  f a i l e d  g l a s s / epoxy  specimen, 

C h a p l i n  [ 1 2 ]  showed t h a t  t h e  k i n k  band d o e s  n o t  c h a n g e  i t s  o r i e n t a t i o n  

du r ing  propagation. Once s t a r t e d  from a no tch  o r  a p re -ex i s t ing  d e f e c t ,  t h e  

k i n k  band keeps  t h e  same o r i e n t a t i o n  and width. T h i s  is compa t ib l e  w i t h  t h e  

o b s e r v a t i o n s  i n  graphi te /epoxy composites i n  which s e q u e n t i a l  microbuckl ing  

of f i b e r s  i n  t h e  e a r l y  s t a g e  of  f a i l u r e  se t  t h e  k i n k  band a n g l e  [lo]. 
A t y p i c a l  k ink  band a n g l e  P is between 20-30 degrees  a l t h o u g h  i n  some 

c o m p o s i t e s  e x t e n s i v e  l o n g i t u d i n a l  s p l i t t i n g  p r e v e n t s  i t s  accurate 

measurement [lo]. The k i n k  o r i e n t a t i o n  c1 af ter  f a i l u r e  depends on how ear ly  

t h e  test is s topped  a f t e r  kinking. Some expe r imen ta l  d a t a  sugges t  a a = 2 f3 

r e l a t i o n s h i p  which can  be d e r i v e d  from t h e  c o n d i t i o n  of  z e r o  v o l u m e t r i c  

s t r a i n  w i t h i n  t h e  k ink  band. Evans and Ad le r  E141 used a similar approach 

and d e r i v e d  t h i s  c1 = 2 f3 r e l a t i o n s h i p  by minimizing t h e  s t r a in  energy w i t h i n  

t h e  k i n k  band. They a l s o  f o u n d  a v a l u e  f o r  t h e  k i n k  o r i e n t a t i o n  a n g l e  

between 48 t o  67 degrees  by minimizing t h e  p l a s t i c  work done on t h e  ma t r ix  

d u r i n g  f i b e r  r o t a t i o n .  The a b o v e  p r e d i c t i o n s  are  w i t h i n  t h e  r a n g e  o f  

expe r imen ta l  v a  1 ues. 

With t h e  fo rego ing  expe r imen ta l  e v i d e n c e s  a v a i l a b l e  t o  draw upon, we 

now proceed t o  d e v e l o p  a model t o  p r e d i c t  t h e  k i n k  band geometry. The k ink  

band shown i n  F i g u r e  30(a) i s  a n  i d e a l i z e d  o n e  j u s t  b e f o r e  c o l l a p s e .  I n  

reality, no s h a r p  c u r v a t u r e  of  f i b e r s  is a l l o w e d  a l o n g  t h e  k i n k  boundaries,  

a l t h o u g h  t h e  k i n k  band a f t e r  f i n a l  f a i l u r e  l o o k s  l i k e  t h e  o n e  i n  F i g u r e  

30(a). The  d e f o r m a t i o n  w i t h i n  t h e  k i n k  band c a n  now b e  d e s c r i b e d  by a 

deformation t e n s o r  E, 
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The deformation t e n s o r  F must satisfy t h e  c o n d i t i o n s  t h a t  t h e  k ink  band 

boundary  d o e s  n o t  de fo rm and  t h a t  t h e  d e f o r m a t i o n  o f  f i b e r  s e g m e n t s  i s  a 
- 

s i m p l e  r o t a t i o n  t h r o u g h  a n g l e  a, 

r e l a t e d  t o  t h e  a n g l e s  by 

C o n s e q u e n t l y ,  t h e  componen t s  F i j  are  

F11 =  COS^ 

F12 = (cosa - 1) tan@ 

F21 = s i n a  

Now, cons ide r  two u n i t  vectors v and w befo re  k inking  such  t h a t  

v =  i and w = j - - - - 
Afte r  k inking ,  t h o s e  two v e c t o r s  deform t o  

(9) 

Fv = F1Q + F 2 l j ,  Fw = F12i  + F22j  (10) -- - ,.,- .., - 
Therefore ,  t h e  change i n  area de f ined  by v and w, AA, a f t e r  k inking  becomes 

cos(a - 6) 
AA = - 1  

cosf3 

Furthermore,  t h e  s h e a r  s t r a i n  

YLT = s i n a  + (1 - cosa) t a n 6  (12) 

The c o n d i t i o n  t h a t  t h e r e  be no v o l u m e t r i c  change i n  k ink ing  r e q u i r e s  

t h a t  [ 12,141 

a = 2 p  
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A l t h o u g h  t h e r e  a re  some e x p e r i m e n t a l  d a t a  i n d i c a t i n g  t h e  v a l i d i t y  o f  t h e  

r e l a t i o n s h i p  g i v e n  by E q u a t i o n  (13) ,  it  s h o u l d  b e  n o t e d  t h a t  t h e  k i n k  

o r i e n t a t i o n  c1 depends on t h e  amount of  deformat ion  a l l o w e d  after kinking. 

I f  l o a d i n g  i s  p e r m i t t e d  t o  i n c r e a s e  e v e n  a f t e r  k i n k i n g  f a i l u r e ,  a w i l l  

c e r t a i n l y  i n c r e a s e  a l t h o u g h  P does n o t  change any more. Therefore ,  a must 

be t aken  as  t h e  k ink  o r i e n t a t i o n  j u s t  be fo re  f i n a l  c o l l a p s e .  With t h i s  new 

d e f i n i t i o n  f o r  01, Equation (13) does n o t  h o l d  true, as w i l l  b e  shown later. 

M i c r o g r a p h i c  e v i d e n c e s  s u g g e s t  t h a t  k i n k  b a n d s  fo rm i n  t h r e e  s teps :  

e l a s t i c  k i n k i n g ,  p l a s t i c  k i n k i n g ,  and  t h e n  f i n a l  c o l l a p s e  a s  a r e s u l t  of  

f i b e r  f a i l u r e  a t  t h e  k i n k  b o u n d a r i e s .  I n  t h e  p l a s t i c  k i n k i n g  s t a g e ,  t h e  

ma t r ix  w i t h i n  t h e  k ink  band y i e l d s  i n  shear. 

F o r  a k i n k e d  f i b e r  shown i n  F i g u r e  30(b),  t h e  l o c a l  e q u i l i b r i u m  

e q u a t i o n s  are g i v e n  by (See F igu re  30 (c)). 

q + dQ/ds + P (dw/ds) = 0 (14) 

p - dP/ds + Q (dw/ds) = 0 (15) 

dM/ds - Q + m = 0 (16) 

The symbols i n  Equat ions  (14)-(16) are de f ined  as f o l l o w s :  

W = s l o p e  of  t h e  d e f l e c t e d  f i b e r  a x i s ,  

P = a x i a l  compress ive  f o r c e ,  

Q = t r a n s v e r s e  s h e a r ,  

M = bending moment, 

p = a p p l i e d  d i s t r i b u t e d  a x i a l  fo rce ,  

q = a p p l i e d  d i s t r i b u t e d  t r a n s v e r s e  f o r c e ,  

m = a p p l i e d  d i s t r i b u t e d  bending moment 

s = d i s t a n c e  a l o n g  t h e  f i b e r  from t h e  c o o r d i n a t e  o r i g i n .  

A s  a f i r s t  o r d e r  a p p r o x i m a t i o n ,  w e  assume t h a t  t h e  a x i a l  f o r c e  P 
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remains c o n s t a n t  and d i s r e g a r d  Equation (15). Furthermore, f o r  t h e  k ink ing  

d e f o r m a t i o n  u n d e r  c o n s i d e r a t i o n ,  i t  i s  p l a u s i b l e  t o  s e t  q = 0. S i n c e  t h e  

s o l u t i o n  of Equation (14) is g i v e n  by Q = - Pw, Equation (16) becomes 

dM 
- + P w + m  = 0 
d s  

The i n t e r n a l  bending moment i n  t h e  f i b e r  i s  ob ta ined  from 

dw 

where  If i s  t h e  moment o f  i n t e r t i a  f o r  t h e  f i b e r  c r o s s  s e c t i o n .  S i n c e  t h e  

k i n k  band i s  i n  a s t a t e  o f  p l a s t i c  y i e l d i n g ,  t h e  a v e r a g e  s h e a r  stress i s  

e q u a l  t o  t h e  l a m i n a t e  y i e l d  stress T The cor responding  d i s t r i b u t e d  moment 

m is t h e n  [ l o ]  
Y' 

m =  - AfTy (19) 

where Af i s  t h e  f i b e r  c r o s s - s e c t i o n a l  area. 

S u b s t i t u t i o n  o f  E q u a t i o n s  (18) and  (19) i n t o  E q u a t i o n  (17)  f i n a l l y  

y i e l d s  a n  e q u a t i o n  f o r  w, 

P w =  A L Y  
2 d w  

-ij + - 
Efrf  Eflf 

dsL 

The a p p r o p r i a t e  boundary  c o n d i t i o n s  f o r  t h e  k i n k e d  f i b e r  shown i n  

F i g u r e  30 (b )  are  

dw = o a t  s = 0 ; w  = as dw = o a t  s = > so z 
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The s o l u t i o n  t o  Equat ion (20) is  t h u s  

Af (1 + cos E S )  
= F C c Y  Eflf 

The f i b e r  w i l l  break where t h e  c u r v a t u r e  i s  maximum. The maximum f i b e r  

c u r v a t u r e  is  obta ined  from Equat ion (22) as 

where 

- - -  
2 ’m 

and P = Afaf has  been used. 

g i v e n  by 

The r e s u l t i n g  maximum s t r a i n s  i n  t h e  f i b e r  are 

I f  f i b e r  f a i l u r e  i s  i n i t i a t e d  o n  t h e  t e n s i o n  s i d e ,  t h e  a p p l i e d  f i b e r  

stress a: is o b t a i n e d  from 
* 

On t h e  o t h e r  hand ,  t h e  f i b e r  stress f o r  t h e  c o m p r e s s i o n - i n i t i a t e d  f i b e r  

f a i l u r e  is obta ined  from 
- * 

+ -  * f  

Ef 



f a i l u r e  s t r a i n s ,  r e s p e c t i v e l y ,  of t h e  f i b e r .  

The k i n k  o r i e n t a t i o n  i s  e q u a l  t o  t h e  maximum s l o p e  a t  t h e  time of f i b e r  

f a i l u r e ,  and t h e r e f o r e  is g i v e n  by 

Also, t h e  k i n k  l e n g t h  6 is e q u a l  t o  

* =  B f  T d f i  
Of 

m \of = O f  
6 = 2s 

With a known, w e  now t u r n  t o  t h e  de te rmina t ion  of 13. S i n c e  t h e  m a t r i x  

was assumed t o  h a v e  y i e l d e d ,  t h e  a v e r a g e  s h e a r  stress i n  t h e  k i n k  band i s  

The  s h e a r  s t r a i n  d e p e n d s  o n  t h e  k i n k  band a n g l e  P a s  i n d i c a t e d  by 

Equation (12). Therefore ,  i n s t e a d  of  Equat ion (13), assume t h a t  t h e  a n g l e  f3 

i s  d e t e r m i n e d  so  t h a t  t h e  s h e a r  s t r a i n  yLT r e a c h e s  t h e  f a i l u r e  s t r a i n  i n  

T Y  

s h e a r  y a t  t h e  t i m e  of  f i n a l  c o l l a p s e .  The r e s u l t  is t h e n  
Y 

-1 'y - sin a = tan 
1 - cos a 

The foregoing  e q u a t i o n s  p r e d i c t  a l l  t h e  p e r t i n e n t  parameters  for  k ink  

bands.  The  c o m p r e s s i v e  s t r e n g t h  Xc i s  d e t e r m i n e d  f r o m  E q u a t i o n  (3) by 

s u b s t i t u t i n g  0; i n  p l a c e  of of. 0; is i n  t u r n  determined from Equat ion (28) 

o r  (29) ,  d e p e n d i n g  o n  wh ich  y i e l d s  a lower v a l u e .  The k i n k  o r i e n t a t i o n  a 

and t h e  k i n k  l e n g t h  6 a re  g i v e n  by E q u a t i o n s  (30) and  (31), r e s p e c t i v e l y .  

F i n a l l y ,  t h e  k i n k  band a n g l e  B f o l l o w s  f r o m  E q u a t i o n  (32). The r e s u l t s  

ob ta ined  h e r e  are similar t o  t h o s e  g i v e n  by Budiansky [38]. 
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3.3 Experimental  Obse rva t ions  

E leven  d i f f e r e n t  u n i d i r e c t i o n a l  composi tes  were used t o  s tudy  t h e  k ink  

These e l e v e n  c o n s i s t e d  of s e v e n  graphi te /epoxy composites,  band formation. 

t w o  g r a p h i t e / t h e r m o p l a s t i c  c o m p o s i t e s ,  one  g lass /epoxy composite,  and one 

Kevlar /epoxy composite. ,411 specimens were c u t  t o  f i t  

f i x t u r e  and were t e s t e d  on a n  I n s t r o n  t e s t i n g  machine 

o f  1 mm/min. E x p e r i m e n t a l  d e t a i l s  and  c o m p r e s s i v e  

a n  IITRI compression 

a t  a crosshead  speed 

p r o p e r t i e s  f o r  t h e  

graphi te /epoxy composi tes  are r e p o r t e d  i n  References [ 10,391. The d e t a i l e d  

d a t a  f o r  t h e  g l a s s / e p o x y  a n d  t h e  K e v l a r / e p o x y  c o m p o s i t e s  c a n  b e  f o u n d  i n  

R e f e r e n c e s  [ 4 0 ]  a n d  [ 4 1 ] ,  r e s p e c t i v e l y .  T a b l e  5 l i s t s  t h e  a v e r a g e  

m e c h a n i c a l  p r o p e r t i e s  o f  d i f f e r e n t  mater ia l  s y s t e m s .  A s  w a s  d i s c u s s e d  

e a r l i e r ,  k i n k i n g  i s  b e l i e v e d  t o  b e  d u e  t o  m i c r o b u c k l i n g  o f  t h e  f i b e r s  i n  

most composites. The f o l l o w i n g  ev idence  s u p p o r t s  t h i s  conclus ion .  

F i g u r e  31 shows a T300/BP907 a t  t h e  o n s e t  o f  f a i l u r e  a t  two d i f e r e n t  

magni f ica t ions .  Microbuckl ing of t h e  f i b e r s  can  b e  seen  clearly.  Each f i b e r  

h a s  f r a c t u r e d  a t  s e v e r a l  p o i n t s .  F i b e r  f r a c t u r e  seems t o  h a v e  b e e n  

i n i t i a t e d  a t  p o i n t s  of m a x i m u m  f i b e r  c u r v a t u r e .  F i g u r e  31(a) shows t h a t  

s e q u e n t i a l  microbuckl ing  of  f i b e r s  has  t aken  p l a c e  a l o n g  a band making a n  

a n g l e  of abou t  18" t o  t h e  h o r i z o n t a l .  T h i s  is w i t h i n  t h e  r epor t ed  range of 

16-30° t h a t  i s  common f o r  g r a p h i t e / e p o x y  c o m p o s i t e s .  As e x p e c t e d ,  

microbuckl ing was i n i t i a t e d  a t  t h e  edge and propogated inward; f i b e r s  ahead 

of t h e  f a i l u r e  band are s t i l l  s t r a i g h t  and i n t a c t .  F igu re  32 shows ano the r  

T300/BP907 specimen a f t e r  f i n a l  f a i l u r e .  The primary and con juga te  k i n k s  

a re  o r i e n t a t e d  a b o u t  24'- t o  h o r i z o n t a l .  F i b e r  s e g m e n t s  o f  r e g u l a r  

p e r i o d i c i t y  are shown w i t h i n  t h e  t o p  k ink  band. M u l t i p l e  f i b e r  f r a c t u r e s  

were p r o b a b l y  c a u s e d  by p r o p o g a t i o n  o f  t h e  b u c k l i n g  wave  [ 111. A v e r a g e  



Table  5. Mechanical P r o p e r t i e s  of D i f f e r e n t  U n i d i r e c t i o n a l  Composites. 

Material Modulus S t r e n g t h  F a i l u r e  s t r a i n  

Graphite/epox y 

( GPa ) (MPa) (X) 

T300/ 5208 128.1 
T300/BP907 118.7 
T300/4901 /MDA 147.9 
T300/4901/mPDA 152 . 4 

T700/BP907 126.4 
T700/4901 /MDA 143.5 
T700/4901/mPDA 134.8 

Graph i t e /  
t he rmop la t i c  resin 

T300/PEEK 
T300/PPS 

Kevlar/epoxy 

RT1 
R T P ~  
ETP3 

RT 
ETP 

140.6 
131.3 

64.6 
76.6 

56.4 
55.6 

Room tempera tu re  

Room tempera tu re ,  p recondi t ioned  

Eleva ted  t empera tu re ,  p recondi t ioned  

1183 
762 

1412 
1394 

915 
1176 
1189 

1211 
980 

228 
240 
179 

705 
669 

1.25 
0.54 
1.01 
1 .oo 
1.20 
0.81 
1.14 

1.03 
0.78 

0.36 
0.39 
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Figure 32. Primary and conjugate kink bands 
in a T300/BP907 specimen (100 XI. 
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segment l e n g t h  of f r a c t u r e d  f i b e r s  i n  F igu re  31(b) is between 2-4 times t h e  

f i b e r  d i a m e t e r .  T h i s  i s  c l o s e  t o t h e  segmen t  l e n g t h s  o b s e r v e d w i t h i n t h e  

k ink  zone i n  F i g u r e  32. 

A SEM m i c r o g r a p h  o f  t h e  f r a c t u r e  s u r f a c e  o f  a T300/5208 s p e c i m e n  is 

shown i n  F i g u r e  33(a). T h i s  s u r f a c e  i s  p a r a l l e l  t o  t h e  p l a n e  o f  t h e  k i n k  

band. The f i b e r  f r a c t u r e  s u r f a c e s  show two d i s t i n c t  z o n e s  s e p a r a t e d  by a 

s t r a i g h t  boundary .  S i n c e  g r a p h i t e  f i b e r s  a re  b r i t t l e ,  t h e i r  f r a c t u r e  

s u r f a c e  i n  b e n d i n g  c o n s i s t s  o f  two r e g i o n s ,  F i g u r e  33 (b). The i n c l i n e d  

r e g i o n  i s  on  t h e  c o m p r e s s i o n  s i d e  and  t h e  h o r i z o n t a l  r e g i o n  i s  on t h e  

t e n s i o n  s i d e .  The l i n e s  s e e n  on  t h e  f i b e r  f r a c t u r e  s u r f a c e s  i n  F i g u r e  33 

(a) would t h e n  s u g g e s t  a bending mode of  f a i l u r e  l i k e  microbuckl ing  f o r  each 

f i b e r .  The boudary l i n e s  on d i f f e r e n t  f i b e r  f r a c t u r e  s u r f a c e s  are more o r  

l ess  p a r a l l e l  t o  o n e  a n o t h e r  i n d i c a t i n g  t h a t  t h e  f i b e r s  b u c k l e d  i n  p h a s e  

w i t h  o n e  a n o t h e r .  A similar  phenomenon c a n  b e  s e e n  i n  F i g u r e  3 4  f o r  a 

T300/4901/mPDA specimen, and i n  F i g u r e  35 f o r  a T300/PPS specimen. T i l t e d  

f i b e r  s e g m e n t s  on  t h e  l e f t  and  c e n t e r  o f  F i g u r e  3 4  show t h e  d i r e c t i o n  o f  

r e l a t i v e  motion a c r o s s  t h e  k i n k  band. F i b e r  segments shown i n  t h i s  f i g u r e  

are about  3 times t h e  f i b e r  diameter.  

Once m i c r o b u c k l i n g  h a s  o c c u r r e d  a n d  p r o p o g a t e d  t h r o u g h  t h e  s p e c i m e n  

w i d t h  o r  t h i c k n e s s ,  t h e  t o p  p o r t i o n  o v e r  t h e  m i c r o b u c k l i n g  z o n e  slips 

r e l a t i v e  t o  t h e  bottom portion. I n  t h e  s l i p p i n g  p r o c e s s  t h e  buckled  f i b e r s  

rotate as t h e  m a t r i x  deforms p l a s t i c a l l y  and forms a k i n k  band. If t h e  s l i p  

i s  n o t  c o n t a i n e d  by h y d r o s t a t i c  p r e s s u r e  o r  S’ome k i n d  o f  l a t e r a l  s u p p o r t ,  

t h e  f i b e r  segments w i t h i n  t h e  k ink  band f a l l  a p a r t  and t h e  k ink  s t r u c t u r e  is 

destroyed. The remains  of the s t r u c t u r e  can o f t e n  be seen  as t i l t e d  f i b e r s  

on t h e  f r a c t u r e  su r face .  These f i b e r s  are t i l t e d  i n  t h e  d i r e c t i o n  compa t ib l e  
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Figure  3 4 .  Fibe r  f r a c t u r e  s u r f a c e s  i n  a 
T300/mPDA specimen ( 1 0 0 0  X). 

F i g u r e  35. Fiber f r a c t u r e  s u r f a c e s  i n  a 
T300/PPS specimen ( 9 0 0  X ) .  
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wi th  t h e  o v e r a l l  s l i p  and p l a s t i c  deformat ion  o f  t h e  m a t r i x  w i t h i n  t h e  k i n k  

band. 

F i g u r e s  36 through 44 show t y p i c a l  macroscopic f e a t u r e s  of  f a i l u r e  i n  

d i f f e r e n t  graphi te /epoxy specimens t e s t e d .  I n  g e n e r a l ,  T300/5208 show t h e  

most l o n g i t u d i n a l  s p l i t t i n g ,  whereas t h e  composi tes  made wi th  BP907, PPS, or 

PEEK r e s i n  show v e r y  l i t t l e  s p l i t t i n g  a f t e r  f a i l u r e .  The composites made 

wi th  4901/MDA or 4901/mPDA r e s i n  l i e  somewhere between t h e  two extremes i n  

t h e i r  r e s i s t a n c e  t o  l o n g i t u d i n a l  s p l i t t i n g .  

F i g u r e s  4 5  t h r o u g h  54 show SEM m i c r o g r a p h s  o f  f r a c t u r e  s u r f a c e s  o f  

d i f f e r e n t  material sys tems under compression. Each f i g u r e  is accompanied by 

a small  s k e t c h  t h a t  shows t h e  o v e r a l l  f r a c t u r e  s u r f a c e  and  t h e  d i r e c t i o n  

from which t h e  specimen was viewed. Comparing t h e  f r a c t u r e  s u r f a c e s  of  

T300 composites w i th  t h o s e  o f  T700 composites r e v e a l s  a c l e a n e r  f ibe r -ma t r ix  

s e p a r a t i o n  i n  t h e  l a t t e r  c o m p o s i t e s .  T h i s  wou ld  s u g g e s t  a s t r o n g e r  

i n t e r f a c e  i n  T300/epoxy composites t h a n  i n  T700/epoxy composites. T h i s  may 

e x p l a i n  why t h e  T300/epoxy composi tes  are s t r o n g e r  t h a n  t h e  c o r r e s p o n d i n g  

T700/epoxy composites. It s h o u l d  be kep t  i n  mind, however, t h a t  t h e  smaller 

d i a m e t e r  o f  T700 g r a p h i t e  f i b e r  may a l s o  l e a d  t o  a l o w e r  c o m p r e s s i v e  

s t r e n g t h  f o r  t h e  c o m p o s i t e .  Debonded f i b e r s  i n  T300/PPS d i p l a y  c l e a n e r  

s u r f a c e s  t h a n  t h o s e  i n  T300/PEEK, i n d i c a t i n g  a s t r o n g e r  i n t e r f a c e  i n  t h e  

l a t t e r .  Again ,  t h i s  may p a r t i a l l y  a c c o u n t  f o r  t h e  h i g h e r  c o m p r e s s i v e  

s t r e n g t h  of T3OO/PEEK compared w i t h  T3OO/PPS. 

A l t h o u g h  a l l  t h e  c o m p o s i t e s  c o n s i d e r e d  f a i l e d  by k i n k i n g ,  d i f f e r e n t  

m o r p h o l o g i e s  c o u l d  be  i d e n t i f i e d  f o r  d i f f e r e n t  material  sys t ems .  I n  

Revlar /epoxy and g l a s s / epoxy  specimens t h e  k i n k  band was i n v a r i a b l y  formed 

through the thickness. I n  g r a p h i t e  composites,  however, the  k i n k  band was 
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Figure  3 6 .  Failure through %he width o€ a 
T3#0/5208 specimen (12 X I .  

Figure 37, F a i l u r e  through the w i d t h  of a 
T300fBP907 specimen t 12  X f  . 
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F i g u r e  38. F a i l u r e  t h r o u g h  t h e  w i d t h  of a 
T300/4901/MDA specimen ( 1 2  X ) .  

F i g u r e  39. F a i l u r e  t h r o u g h  t h e  w i d t h  of a 
T300/4901/mPDA specimen ( 1 2  X ) .  
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F i g u r e  4 0 .  F a i l u r e  through t h e  wid th  of a 
T700/BP907 specimen (12 X). 

F i g u r e  41 .  F a i l u r e  throuqh t h e  wid th  of a 
T700/4991/MDA specimen (12 X). 
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Figure 42. Failure through the width of a 
TSOO/PPS specimen (12 X I .  
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F i g u r e  43 .  F a i l u r e  through t h e  
t h i c k n e s s  of a T300/PPS 
specimen ( 1 2  X)  . 

F i g u r e  4 4 .  F a i l u r e  through t h e  wid th  of a 
T300/PEEH specimen (12 X) . 
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Figure  54. SEM micrograph of a T300/BP907 
specimen showing f iber-matrix 
separation (500 X). 
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observed either through the thickness o r  through the width  depending on the 

p a r t i c u l a r  specimen. Kulkarni, e t  a1 2131 n o t i c e d  that ,  i f  u n i d i r e c t i o n a l  

Kevlar specimens w e r e  restrained transversely by g l a s s  fabrics, compres- 

sive s t r e n g t h  increased and the k i n k  band appeare  e t h i c k n e s s  

rather than through the width.  

not a s s o c i a t e  h i g h e r  strength w i t h  a 

The g 

The k i n k  band i n  t h e  g r a p h i t e  c o m p o s i t  

d e f i n e d  boundar ies  and mu1 t i p l y  f r a c t u r e d  f i b e r s .  The bou r y  is formed 

by f i b e r  f r a c t u r e s .  Some f r a c t u r e  s u r f a c e s  show f i b e r - m a t r i x  debond ing ,  

F i g u r e  5 4 ;  i m p r i n t s  of t h e  debonded f i b e r s  c a n  b e  s e e n  on t h e  m a t r i x .  

M u l t i p l e  f r a c t u r e  o f  g r a p h i t e  f i b e r s  w i t h i n  t h e  k i n k  band may b e  d u e  t o  

t h e i r  b r i t t l e  n a t u r e  and lower s t r a i n  c a p a b i l i t y .  

F igure  55 shows a K e v l a r  specimen t e s t e d  a t  room temprature ,  t h e  f a i l u r e  

of a precondi t ioned  K e v l a r  specimen t e s t e d  a t  room tempera ture  and a n o t h e r  

t e s t e d  a t  75OC. T h e r e  i s  no 

f i b e r  f r a c t u r e  a t  t h e  boundary  a l t h o u g h  t h e  f i b e r s  a r e  s h a r p l y  b e n t .  

I n s t e a d ,  f i b e r s  a r e  k i n k e d  a t  t h e  b o u d a r i e s ,  F i g u r e s  5 6  (a )  and  (b) .  I n  

s p i t e  of t h e  s o f t e n i n g  of  t h e  r e s i n  a t  t h e  e l e v a t e d  temperature ,  n e i t h e r  t h e  

f a i l u r e  mode nor t h e  s t r e n g t h  changes because t h e  composite f a i l u r e  is t h e  

r e s u l t  of  t h e  compressive f a i l u r e  of f i b e r s .  There is  no s i g n  of  damage on 

t h e  f i b e r s  w i t h i n  o r  w i t h o u t  t h e  k i n k  band,  some d i s t a n c e s  a w a y  f rom t h e  

kink band boundaries ,  F i g u r e s  57 and 58, r e s p e c t i v e l y .  T h i s  is  i n  c o n t r a s t  

t o  t h e  f a i l u r e  mode observed  for  R e v l a r  f i b e r s  t h e m s e l v e s  under compression 

[23 ] .  A K e v l a r  f i b e r ,  when t e s t e d  by i t s e l f ,  shows k i n k i n g  u n i f o r m l y  

d i s t r i b u t e d  a l o n g  i t s  l e n g t h .  Accord ing  t o  Detersa e t  a l .  [ 2 3 ] ,  K e v l a r  

f i b e r s  c a n  u n f o l d  a f t e r  k i n k i n g  i f  t h e y  are  s t r e t c h e d  a g a i n .  Also,  i t  i s  

P r e c o n d i t i o n i n g  was d o n e  a t  75OC i n  vacuum. 
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F i g u r e  56. T y p i c a l  k ink ing  f a i l u r e  i n  Kevlar 
specimens ( a )  o v e r a l l  view (150  X)  ; 
(b) f a i l u r e  of f i b e r s  a t  t h e  kink- 
band boundary (1300 X) . 
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1 I .  

p o s s i b l e  t h a t  t h e  k i n k i n g  i n  t h e  c o m p o s i t e  o c c u r s  a t  t h e  f i r s t  s i g n  of 

compressive f a i l u r e  i n  t h e  f i b e r s .  

F igu res  59 (a) and (b) show f a i l u r e s  of g lass /epoxy specimens t e s t e d  a t  

room and e l e v a t e d  tempra tures ,  r e s p e c t i v e l y .  I n  t h e  g lass /epoxy specimen 

t e s t e d  a t  room tempera ture ,  t h e  k ink  band is ve ry  broad and t h e  boundaries  

d i f f i c u l t  t o  i d e n t i f y .  T h e r e  i s  no  d i s t i n c t  k i n k  band boundary ;  i n s t e a d ,  

t h e  f i b e r s  were g r a d u a l l y  bent  i n  t h e  v i c i n i t y  of  t h e  f a i l u r e  band. There 

is no s i g n  o f  damage t o  t h e  f i b e r s  w i t h i n  t h e  k ink  band. When t e s t e d  a t  100 

OC, however ,  t h e r e  are  some f i b e r  f r a c t u r e s  a t  t h e  boundary ,  F i g u r e  60. 

F u r t h e r m o r e ,  e l e v a t i n g  t h e  t e m p r a t u r e  a n d  t h e r e b y  s o f t e n i n g  t h e  m a t r i x  

r e s u l t e s  i n  a n a r r o w e r  k i n k  band. 

w i t h i n  t h e  k ink  band. 

Yet, t h e r e  i s  no  damage o n  t h e  f i b e r s  

Other  d i f f e r e n c e s  i n  k ink  morphology between d i f f e r e n t  composi tes  are i n  

t h e i r  k i n k  band a n g l e s  a n d  k i n k  l e n g t h s .  On t h e  a v e r a g e ,  g r a p h i t e / e p o x y  

c o m p o s i t e s  h a v e  t h e  smallest  k i n k  band a n g l e  ( 1 9 O )  and  t h e  s m a l l e s t  k i n k  

l e n g t h s  (be tween  10-30 f i b e r  d i a m e t e r s  =0.07 t o  0.2 mm). K e v l a r / e p o x y  

specimens t e s t e d  a t  room tempera ture  have  t h e  h i g h e s t  k ink  band a n g l e  ( 3 9 O )  

and  t h e  s e c o n d  sma l l e s t  k i n k  l e n g t h  (0.45 mm). K e v l a r / e p o x y  s p e c i m e n s  

t e s t e d  a t  100°C show almost t h e  same kink  band a n g l e  bu t  a smaller a v e r a g e  

k ink  l e n g t h  (0.26 mm). Glass/epoxy specimens t e s t e d  a t  100°C show t h e  second 

h i g h e s t  k i n k  band a n g l e  (32O) a n d  t h e  h i g h e s t  k i n k  l e n g t h  (1.2 mm). S i n c e  

t h e  k ink  band was n o t  w e l l  de f ined  i n  g lass /epoxy specimens t e s t e d  a t  room 

tempera ture ,  t h e  k ink  band a n g l e  and t h e  k ink  l e n g t h  c o u l d  n o t  be  measured 

unambiguously. 

The p r o p e r t i e s  shown i n  T a b l e  6 were used t o  c a l c u l a t e  t h e  s t r a i n s  a t  

The  a p p l i e d  stress a t  t h e  t i m e  of f a i l u r e  g i v e n  by E q u a t i o n s  26  a n d  27. 
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F i g u r e  60. F i b e r  f r a c t u r e s  a t  t h e  
k ink  band boundlary of  a 
sz-gl as8/epoxy snecimen t e s t e d  
a t  1’00 C (150x1. 
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Table 6. Prediction of Maximum Strains on the Fiber at the Time of Failure 

(-1 
&b 

(+) 
OF E f rY &b Material Avg. Compressive Vf 

strength (HPa) (MPa) (MPa) (MPa) (%) (%I 

Graphitel 
EPOXY 1300 0.60 2166 230000 

Glass/ 
EPOXY (RT) 626 0.65 930 85000 

Glass/ 
Epoxy (100 OC) 669 0.65 1029 85000 

Kev lar / 
Epoxy (RT) 228 0.65 35 1 130000 

Kevlar/ 
Epoxy (RTP) 240 0.65 369 130000 

Kevlar/ 
Epoxy (ETP) 179 0.65 275 130000 

68.0 -0.33 1.55 

70.4 0.49 2.67 

38.9 -0.38 2.04 

27.1 0.53 1.07 

23.2 0.39 0.95 

23.9 0.59 1.01 
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* f a i l u r e  af was approximated from Equation 3 by 

V f  

A s  can  be seen,  t h e  c a l c u l a t e d  s t r a i n s  on t h e  t e n s i o n  s i d e  are e i t h e r  v e r y  

small  o r  n e g a t i v e .  However,  t h e  s t r a i n s  o n  t h e  c o m p r e s s i o n  s i d e  seem 

r e a s o n a b l e .  I t  t h u s  seems t h a t  f i b e r  f a i l u r e  w a s  i n i t i a t e d  o n  t h e  

c o m p r e s s i o n  s i d e  a t  p o i n t s  of maximum f i b e r  c u r v a t u r e .  The  c o m p r e s s i v e  

s t r a i n s  for  t h e  K e v l a r  f i b e r s  are h igher  t h a n  expected. Thus, t h e s e  f i b e r s  

appear  t o  bend beyond t h e  e las t ic  l i m i t  when k i n k  bands are formed. 

Equat ions  30 and 31 were used w i t h  t h e  p r o p e r t i e s  l i s t e d  i n  T a b l e  6 t o  

c a l c u l a t e  t h e  k i n k  o r i e n t a t i o n  a n g l e s  and t h e  k ink  lengths .  T a b l e  7 shows 

t h e s e  c a l c u l a t e d  v a l u e s  a l o n g  w i t h  t h e  a v e r a g e  exper imenta l  r e s u l t s  for  t h e  

k i n k  band a n g l e .  The  s h e a r  s t r a i n s  a t  f a i l u r e  were p r e d i c t e d  by E q u a t i o n  

32. The c a l c u l a t e d  kink o r i e n t a t i o n  a n g l e s  are c o n s i d e r a b l y  smaller t h a n  

t h o s e  e x p e r i m e n t a l l y  observed  after f a i l u r e .  However, one s h o u l d  remember 

t h a t  t h e  k i n k  o r i e n t a t i o n  a n g l e s  i n  T a b l e  7 were c a l c u l a t e d  a t  t h e  o n s e t  of 

f i b e r  f a i l u r e .  Once f a i l u r e  h a s  occurred,  t h e  k i n k  o r i e n t a t i o n  a n g l e  can 

i n c r e a s e  r a p i d l y  i f  t h e  l o a d  i s  n o t  i m m e d i a t e l y  removed. The  v a l u e s  

r e p o r t e d  i n  t h e  l i t e r a t u r e  were u s u a l l y  t a k e n  a f t e r  f i n a l  c o l l a p s e  o f  

f i b e r s .  The p r e d i c t e d  k i n k  l e n g t h s  f o r  g r a p h i t e  and K e v l a r  composi tes  a g r e e  

f a i r l y  w e l l  w i t h  t h e  e x p e r i m e n t a l  v a l u e s  d i s c u s s e d  earlier. However, t h e  

p r e d i c t i o n  is too low fo r  t h e  S-g lass  f i b e r s .  The e x a c t  reason  for  such a 

d i s c r e p a n c y i s  n o t  c l ea r  a t  p r e s e n t .  One p o s s i b l e  r e a s o n  may b e  t h a t  t h e  

h i g h  f a i l u r e  s t r a i n  of g l a s s  f i b e r s  a l l o w s  g r o w t h  of t h e  k i n k  band w i d t h  

e v e n  after f a i l u r e .  

A s  t h e  p r e d i c t e d  v a l u e s  of s h e a r  s t r a i n  a t  f a i l u r e  show, t h e  k ink  bands 
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T a b l e  7, P r e d i c t e d  V a l u e s  of  Kink O r i e n t a t i o n  Angle, Kink Length, and Shear 
S t r a i n  a t  F a i l u r e  

a 6/df 6* ‘Y Materia 1 

(degrees )  (deg rees )  (%) 

Graphi te /  
EPOXY 

S 2-G1 a ss / 
Epoxy 

S 2-Gla ss / 
Epoxy (100 OC) 

I<evlar/  
EPOXY (RT) 

Kevlar/  
Epoxy (RTP) 

3.6 8.0 19 .O 6.3 

8.7 7.5 - - 

4.3 7.1 32.0 7.7 

8.8 24.5 39.0 16.3 

7.2 23.9 38.0 13.2 

9.9 27.7 35 .O 18.3 

* Experimental  
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u n d e r g o  a s i g n i f i c a n t  amount  o f  s h e a r  d e f o r m a t i o n .  The l o c a l  s h e a r  

d e f o r m a t i o n  a t  f a i l u r e  i s  t h e  h i g h e s t  i n  K e v l a r / e p o x y  f o l l o w e d  by 

g lass /epoxy and graphi te /epoxy composites. 
, 

3.4 Short-Beam-Shear T e s t i n g  o f  Pre loaded  Graphite/Epoxy Composites 

When a u n i d i r e c t i o n a l  c o m p o s i t e  i s  s u b j e c t e d  t o  a n  a x i a l  c o m p r e s s i v e  

force ,  t r a n s v e r s e  stresses are  i n d u c e d .  T h e s e  stresses r e s u l t  from t h e  

d i f f e r e n c e  be tween P o i s s o n ' s  r a t i o s  o f  t h e  f i b e r  a n d  m a t r i x  a n d  a l s o  from 

a d d i t i o n a l  bending of  i n i t i a l l y  curved  f i b e r s .  Whatever t h e  source,  t h e s e  

stresses may cause  i n t e r f a c i a l  debond ing  e s p e c i a l l y  when t h e  q u a l i t y  of 

bonding i s  poor. 

Greszczuck [ 2 0 ]  s h o w e d  t h a t  i n  m o d e l  c o m p o s i t e s  w i t h  s t e e l  

re inforcements ,  t h e  mode of f a i l u r e  and s t r e n g t h  changed w i t h  t h e  q u a l i t y  of 

bonding.  I n  s p e c i m e n s  w i t h  p o o r  f i b e r - m a t r i x  a d h e s i o n  f a i l u r e  w a s  by 

p r e m a t u r e  b u c k l i n g  o f  t h e  r e i n f o r c e m e n t s .  Those  w i t h  s t r o n g  i n t e r f a c e  

f a i l e d  by compression y i e l d i n g  of t h e  reinforcements .  P iggot  E191 r e p o r t e d  

f a i l u r e  by l o n g i t u d i n a l  s p l i t t i n g  i n  c o m p o s i t e s  w i t h  h a r d  m a t r i x  

( m i c r o b u c k l i n g  s u p r e s s e d )  a n d  s t r o n g  f i b e r s .  A p p l i c a t i o n  o f  h y d r o s t a t i c  

p r e s s u r e  can s u p r e s s  t h e  l o n g i t u d i n a l  s p l i t t i n g  and i n c r e a s e  t h e  s t r e n g t h  by 

changing t h e  mode of f a i l u r e  back t o  microbuckl ing [ l l ,  15, 161. 

I n  l i g h t  of  t h e  foregoing  d i s c u s s i o n  and t h e  f iber -mat r ix  debonding t h a t  

was o b s e r v e d  i n  some of t h e  g r a p h i t e / e p o x y  a n d  g r a p h i t e / t h e r m o p l a s t i c  

c o m p o s i t e s  ( S e e  F i g u r e s  45 t h r o u g h  5 4 ) ,  o n e  m a y  ra i se  t h e  f o l l o w i n g  

q u e s t i o n :  Which o n e  o c c u r s  f i r s t ,  f i b e r  m i c r o b u c k l i n g  o r  f i b e r - m a t r i x  

debonding? 

of a c o u s t i c  emiss ion  monitor ing on embedded f i b e r  bundles.  

I n  Chapter 2, a n  answer t o  t h i s  q u e s t i o n  w a s  a t tempted  by means 

It was concluded 
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t h a t  debonding does n o t  occur  g r a d u a l l y ,  bu t  o c c u r s  sudden ly  a t  t h e  time of 

b u n d l e  f a i lu re .  Here, a n o t h e r  a t t e m p t  t o  a n s w e r  t h e  same q u e s t i o n  f o r  

u n i d i r e c t i o n a l  composi tes  is discussed .  

S i n c e  t h e  p r e s e n c e  o f  f i b e r - m a t r i x  d e b o n d i n g  r e s u l t s  i n  l o w  

i n t e r l a m i n a r  s h e a r  s t r e n g t h ,  t h e  f o l l o w i n g  experiment w a s  conducted: 

a. t h e  specimen was loaded  t o  n e a r  its u l t i m a t e  compress ive  s t r e n g t h  

(UCS) 9 

b. t h e  l o a d  was removed, 

c. t h e  specimen was t h e n  t e s t e d  i n  short-beam-shear t o  measure t h e  

r e s i d u a l  i n t e r l a m i n a r  s h e a r  s t r e n g t h ,  

t h e  r e s i d u a l  s h e a r  s t r e n g t h  w a s  compared w i t h  t h e  s h e a r  s t r e n g t h  of  

v i r g i n  specimens. 

d. 

Three u n i d i r e c t i o n a l  composites t h a t  had shown l o n g i t u d i n a l  s p l i t t i n g  i n  

a p r e v i o u s  s t u d y  [ 3 9 ]  were c h o s e n  f o r  t h i s  p u r p o s e :  T 3 0 0 / 5 2 0 8 ,  

T300/4901/mPDA, and T700/4901/mPDA. IITRI specimens were prepared, l oaded  

i n  c o m p r e s s i o n  and  u n l o a d e d  p r i o r  t o  f i n a l  f a i l u r e .  The t a b s  were t h e n  

removed and  a s h o r t - b e a m - s h e a r  s p e c i m e n  was p r e p a r e d  o u t  o f  t h e  g a g e  

sec t ion .  The specimen geometry and t h e  t e s t i n g  procedure f o l l o w e d  t h e  ASTM 

s t a n d a r d s  D 2344-67. Although t h i s  method does no t  g i v e  an  accurate measure 

of  t h e  i n t e r l a m i n a r  s h e a r  s t r e n g t h  [42 and 431, it was judged t o  be adequate  

f o r  o u r  c o m p a r a t i v e  a n a l y s i s .  One m a j o r  drawback  t o  t h i s  method of 

measuring i n t e r l a m i n a r  s h e a r  s t r e n g t h  i s  t h a t  mixed-mode r a t h e r  t h a n  p u r e  

s h e a r  f a i l u r e  modes may o c c u r .  A v e r y  l i k e l y  mode o f  f a i l u r e  t h a t  is  

u s u a l l y  mixed wi th  s h e a r  is microbuckl ing  of f i b e r s  under t h e  l o a d i n g  pin.  

However, t h i s  t y p e  of f i b e r  microbuckl ing  would a l s o  occur  a t  a lower stress 

i f  f i be r -ma t r ix  debonding is present .  
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The t e s t  m a t r i x  i n  T a b l e  8 shows t h e  spec imen  d i m e n s i o n s ,  t h e  

compressive l o a d s  a p p l i e d ,  and t h e  a p p a r e n t  h o r i z o n t a l  s h e a r  s t r e n g t h s .  The 

T300/5208 specimens were t h e  f irst  group t o  be  t e s t e d .  T h e i r  f a i l u r e  was by 

a mixed mode, F i g u r e  61. T h e r e f o r e ,  t h e  s p a n / d e p t h  r a t i o  was s l i g h t l y  

d e c r e a s e d  f o r  T700/4901/mPDA spec imens .  I n  T700/4901/mPDA s p e c i m e n s ,  

however, t h e  span/depth c o u l d  n o t  be reduced due t o  t h e  smaller t h i c k n e s s  of 

t h e  p a n e l s  and t h e  l i m i t a t i o n  imposed by t h e  t e s t i n g  f i x t u r e  on t h e  minimum 

s p a n ;  t h e  s p a n  was t h u s  d e c r e a s e d  t o  t h e  smal les t  a l l o w e d  by t h e  t e s t i n g  

f i x t u r e ,  T a b l e  8. These were e f f e c t i v e  i n  changing t h e  mode of  f a i l u r e  t o  

t h e  one of  predominant ly  s h e a r ,  F i g u r e  62. 

I n  Reference [39] t e n  specimens o f  each composite were t e s t e d  t o  measure 

t h e i r  a v e r a g e  u l t i m a t e  c o m p r e s s i v e  s t r e n g t h s  (UCS). I n  t h e  case of 

T300/5208 t h e  a v e r a g e  UCS was 1182 MPa w i t h  a v a r i a t i o n  from 887 t o  1535 

MPa. F o r  T300/4901/mPDA t h e  a v e r a g e  UCS was 1 3 9 4  MPa and  t h e  s t r e n g t h  

ranged from 1313 t o  1546 MPa. And f i n a l l y ,  f o r  T700/4901/mPDA t h e  a v e r a g e  

UCS w a s  1185 MPa and t h e  s t r e n g t h s  v a r i e d  from 930 t o  1370 MPa. It is t h u s  

seen t h a t  t h e  h i g h e s t  p e r c e n t  of  UCS shown i n  T a b l e  8 f o r  each composite i s  

c o n s i d e r a b l y  h i g h e r  t h a n  t h e  lower bound of  i t s  compressive s t r e n g t h .  

The r e s u l t s  i n d i c a t e  t h a t  a p p l i c a t i o n  of a c o m p r e s s i v e  l o a d  d o e s  n o t  

a f f e c t  t h e  a p p a r e n t  h o r i z o n t a l  s h e a r  s t r e n g t h  o r  t h e  f a i l u r e  modes involved. 

i n  a n y  of t h e  c o m p o s i t e s  t e s t e d .  Even  i n  T300/5208 a n d  T700/4901/mPDA 

s p e c i m e n s  which  were l o a d e d  t o  o v e r  90% UCS, n o  r e d u c t i o n  o f  s h e a r  

s t r e n g t h  i s  o b s e r v e d .  T h e r e f o r e ,  i t  i s  c o n c l u d e d  t h a t  i f  f i b e r - m a t r i x  

d e b o n d i n g  o c c u r s ,  i t  w o u l d  n o t  h a p p e n  g r a d u a l l y ,  b u t  r a t h e r  

c a t a s t r o p h i c a l l y ,  and near  t h e  f i n a l  f a i l u r e .  Thus, debonding cannot  be 

d e t e c t e d  u n l e s s  t h e  composi te  is loaded  v e r y  n e a r  its UCS. T h i s  c o n c l u s i o n  
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Table  8. Short-Beam-Shear Test R e s u l t s .  

Plater i a l  : T300/5208 
Span/Depth = 3.85 
Length/Depth = 5.86 
Span = 13 mm ; depth  = 3.30 mm 

Specimen 

v1 
v2 
v3 
SH1 
SI12 

Pre loaded  t o  Apparent h o r i z o n t a l  
s h e a r  s t r e n g t h  (MPa) 

0% ucs 
0% ucs 
0% ucs 

89.6% UCS 
91.7% UCS 

116.5 
105.7 
95.5 
112.7 
114.0 

P l a t e r i a l  : T300/mPDA 
Span/Depth = 3.90 
Length/Depth = 5.70 
Span = 11 mm ; dep th  = 2.87 mm 

Specimen Pre loaded  t o  

1 
2 
3 

W 1 08-3 1 
W108-32 

0% ucs 
0% ucs 
0% ucs 

80.0% UCS 
81.0% UCS 

Apparent h o r i z o n t a l  
s h e a r  s t r e n g t h  (Wa) 

102.6 
106.0 
104.5 
103.1 
106.3 

Material : T700/mPDA 
Span/Depth = 3.65 
Length/Depth = 5.00 
Span = 13 mm ; depth  = 3.56 mm 

Specimen Pre loaded  t o  

1 
2 
3 

WllO-29 
IJ 1 1 0-3 1 
W110-32 
IJ110-33 

0% ucs 
0% ucs 
0% ucs 

80.4% UCS 
85.2% UCS 
88.4X UCS 
94.6% UCS 

Apparent hori .zonta1 
s h e a r  s t r e n g t h  (ma) 

114.6 
118.1 
117.4 
115.0 
115.3 
117.3 
113.0 
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Figure 61. Failure by a mixed. mode of shear and 
microbuckling in a T300/5208 short- 
beam-shear specimen (SOX) . 
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Figure 62. Shear dominated failure: (a) in a 
virgin T300/mPDA specimen (12x1 i 
(b) in a virgin T700/mPDA specimen 
(12X). 
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a g r e e s  w i t h  t h e  r e s u l t  of t h e  a c o u s t i c  emission s t u d y  d e s c r i b e d i n  S e c t i o n  2. 

3.5 Summary 

K i n k i n g  was t h e  mode of  f a i l u r e  i n  a l l  t h e  u n i d i r e c  

s tud ied .  F i b e r  microbuckl ing  caused t h e  k i n k i n g  f a i l u r e  

g r a p h i t e / t h e r m o p l a s t i c  r e s i n ,  and g lass /epoxy composites. I n  Kevlar/epoxy, 

however, f i b e r  f a i l u r e  t r i g g e r e d  t h e  kinking. T h i s  means t h a t  whatever  t h e  

i n c i p i e n t  mode o f  f a i l u r e ,  s l i p  o c c u r s  o n  a p l a n e  o b l i q u e  t o  t h e  l o a d i n g  

b e c a u s e  o f  t h e  p r e s e n c e  of a r e s o l v e d  s h e a r  stress o n  t h i s  p l a n e .  The 

a n g l e  of s l i p  (Le. t h e  k i n k  band a n g l e )  is u s u a l l y  smaller t h a n  45O. 

I n  c o m p o s i t e s  w i t h  g r a p h i t e  f i b e r s ,  t h e  k i n k  band i s  n a r r o w  a n d  w e l l  

d e f i n e d .  The k i n k  band boundary  i s  d e f i n e d  by f r a c t u r e  o f  f i b e r s ,  a n d  

m u l t i p l e  f r a c t u r e  o f  f i b e r s  i s  common w i t h i n  t h e  band. The f i b e r s  o n  t h e  

f r a c t u r e  s u r f a c e s  a r e  t i l t e d  i n  a d i r e c t i o n  c o m p a t i b l e  w i t h  t h e  o v e r a l l  

s l i p .  The T300 f i b e r s  seem t o  bond t o  t h e  epoxy r e s i n s  b e t t e r  t h a n  t h e  T700 

f i b e r s .  Also, t h e  f iber -mat r ix  bonding i n  t h e  T300/PEEK composite looks  

b e t t e r  t h a n  t h a t  i n  t h e  T300/PPS composite. 

I n  g l a s s / e p o x y  s p e c i m e n s  t e s t e d  a t  room t e m p r a t u r e ,  t h e  k i n k  band i s  

broad and no d e f i n i t e  k i n k  band boundaries  can  be  i d e n t i f i e d  due t o  t h e  very  

g r a d u a l  c h a n g e  of c u r v a t u r e  i n  f i b e r s  l e a d i n g  i n t o  t h e  f a i l u r e  zone. 

S o f t e n i n g  of t h e  m a t r i x  a t  a n  e l e v a t e d  t e m p e r a t u r e  r e s u l t s  i n  a w e l l -  

def ined  k i n k  band. That  is, f i b e r s  are s h a r p l y  b e n t  a t  t h e  boundaries ,  and 

some are f r a c t u r e d .  

I n  K e v l a r / e p o x y  c o m p o s i t e s ,  t h e  f a i l u r e  of f i b e r s  a t  t h e  k i n k  band 

boundaries  is by k i n k i n g  of m i c r o f i b r i l s .  

f i b e r s  w i t h i n  o r  wi thout  t h e  k ink  band. 

There i s  no s i g n  of damage on t h e  

P r e l o a d i n g  some r e p r e s e n t a t i v e  graphi te /epoxy specimens t o  near  t h e i r  
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r e s p e c t i v e  compressive s t r e n g t h s  d i d  n o t  affect t h e i r  r e s i d u a l  short-beam- 

s h e a r  s t r e n g t h s .  Therefore ,  f iber -mat r ix  debonding does n o t  occur  g r a d u a l l y  

b u t  suddenly and c o n c u r r e n t l y  with the f i n a l  f a i l u r e .  This c o n c l u s i o n  is i n  

agreement w i t h  t h e  observed  acoustic emission behavior  of embedded bundles.  

Kink band geometry w a s  c h a r a c t e r i z e d  through a n  a n a l y t i c a l  model  t h a t  

was developed  under t h e  assumption of p l a s t i c  y i e l d i n g  i n  t h e  m a t r i x  w i t h i n  

t h e  kink band. 
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4 , CONCLUSIONS 

1. K e v l a r  and  P75  g r a p h i t e  f i b e r s  are i n h e r e n t l y  weak i n  c o m p r e s s i o n .  

T h e i r  c o m p r e s s i v e  f a i l u r e  is t h e  r e s u l t  o f  k i n k i n g  o f  m i c r o f i b r i l s ,  E- 

g l a s s ,  T300 g r a p h i t e ,  T700 g r a p h i t e ,  and  FP a l u m i n a  f i b e r s  f a i l  by 

microbuckl ing  when embedded i n  a r e s i n .  

2, Buckl ing  of f i b e r s  w a s  un i formly  d i s t r i b u t e d  i n  a v e r y  s o f t  r e s i n ,  bu t  

q u i t e  l o c a l i z e d  i n  s t i f f  r e s i n s .  

3. 

f i b e r s  i n  f i b e r  bund le  specimens. 

4. 

t h e  t r e n d s  p r e d i c t e d  f o r  a s i n g l e  f i b e r  embedded i n  i n f i n i t e  matrix.  

5. Wi th  t h e  e x c e p t i o n  o f  P75  g r a p h i t e  and  K e v l a r ,  c o m p r e s s i v e  f a i l u r e  

s t r a i n s  o f  t h e  f i b e r s  s t u d i e d  are  h i g h e r  t h a n  t h o s e  o f  t h e i r  c o m p o s i t e s .  

Thus, t h e  u l t i m a t e  compress ive  s t r e n g t h s  of f i b e r s  are no t  f u l l y  u t i l i z e d  i n  

c o m p o s i t e s  and  f a i l u r e  i s  g o v e r n e d  by o t h e r  f a c t o r s ,  p r i m a r i l y  t h e  

p r o p e r t i e s  of t h e  mat r ix .  

6. 

f i b e r s ,  

7, 

d e t e c t a b l e  debonding o c c u r s  u n t i l  immediately b e f o r e  f i b e r  buckling. 

Debonding  a n d  f i b e r  f r a c t u r e  o c c u r r e d  i m m e d i a t e l y  a f t e r  m i c r o b u c k l i n g  o f  

F a i l u r e  s t r a i n s  and segment l e n g t h s  observed  f o r  bundle  specimens f o l l o w  

Acous t ic  emis s ions  can  be used t o  d e t e c t  compress ive  f a i l u r e  of  K e v l a r  

A c o u s t i c  e m i s s i o n  s t u d y  o f  embedded g l a s s  b u n d l e s  i n d i c a t e  t h a t  no 

8. I n  u n i d i r e c t i o n a l  c o m p o s i t e s ,  k i n k i n g  f a i l u r e  c a n  b e  c a u s e d  by e i t h e r  

microbuckl ing  o r  i n t r i n s i c  compress ive  f a i l u r e  of  f i b e r s .  Kinking f a i l u r e  

is caused by f i b e r  microbuckl ing  i n  g r a p h i t e  and g l a s s  composites w h i l e  it 

is by m i c r o f i b r i l l a r  k ink ing  o f  f i b e r s  i n  Kevlar /epoxy composites, 

9. 

be tween 10 t o  300, 

I n  g r a p h i t e  c o m p o s i t e s ,  k i n k  b a n d s  a re  n a r r o w  w i t h  a k i n k  band a n g l e  

M u l t i p l e  f i b e r  f r a c t u r e  w i t h i n  t h e  k i n k  band p r o d u c e s  
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k ink  l e n g t h s  between 2 t o  4 times t h e  f i b e r  diameter. 

10. 

were b r o a d  a n d  t h e r e  was n o  f i b e r  f r a c t u r e ,  E l e v a t i n g  t h e  t e s t i n g  

t e m p e r a t u r e ,  however ,  r e s u l t e d  i n  a n a r r o w e r  k i n k  band w i t h  some f i b e r  

f r a c t u r e s ,  

11. I n  K e v l a r / e p o x y  c o m p o s i t e s  t h e  o n l y  s i g n  o f  f i b e r  damage was a t  t h e  

I n  g l a s s / epoxy  composi tes  t e s t e d  a t  room tempra ture ,  t h e  f a i l u r e  bands 

k ink-band b o u n d a r i e s .  T h i s  may b e  d u e  t o  t h e  r e l a x a t i o n  o r  e v e n  s l i g h t  

s t r e t c h i n g  o f  t h e  f i b e r s  w i t h i n  t h e  k i n k  band a f t e r  f a i l u r e .  A n o t h e r  

p o s s i b l e  r eason  is t h a t  f a i l u r e  o c c u r s  as soon as some f i b e r s  f a i l .  

12. 

f i b e r  i n  g r a p h i t e / e p o x y  c o m p o s i t e s .  

t h a n  t h e  PPS resin when combined w i t h  T300 f i b e r s .  

13. 

i n t e r f a c i a l  f a i l u r e  o c c u r r i n g  i n  compression. 

14. Assuming p l a s t i c  y i e l d i n g  of  ma t r ix  w i t h i n  t h e  k i n k  band, a t h e o r e t i c a l  

model w a s  deve loped  t o  p r e d i c t  t h e  k ink  geometry. According t o  t h i s  model, 

t h e  k i n k  o r i e n t a t i o n  a n g l e  a t  t h e  o n s e t  of f i b e r  f a i l u r e  is o n l y  a f r a c t i o n  

of t h e  k ink  o r i e n t a t i o n  a n g l e  observed  a f t e r  t h e  f i n a l  f a i l u r e .  Most of t h e  

r o t a t i o n  of t h e  f i b e r s  o c c u r s  a f t e r  t h e i r  c o l l a p s e .  F a i l u r e  of t h e  f i b e r s  

i n i t i a t e s  on t h e  compression s i d e  a t  t h e  k ink  band boundary, The p r e d i c t e d  

v a l u e s  of k i n k  band l e n g t h s  were r e a s o n a b l e  f o r  g r a p h i t e  a n d  K e v l a r  

composites,  b u t  t o o  small f o r  S -g la s s  composites. 

The T300 g r a p h i t e  f i b e r  shows b e t t e r  bond ing  t h a n  t h e  T700 g r a p h i t e  

The PEEK r e s i n s  show b e t t e r  b o n d i n g  

Res idua l  s h e a r  s t r e n g t h s  of precompressed specimens i n d i c a t e  no g radua l  
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